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Abstract 
 Pteropods are holoplanktonic gastropod molluscs found globally.  Although 
species diversity is greater at lower latitudes, species abundance is greater at temperate 
and polar latitudes.  Declines in pteropod populations have not only been correlated to 
declines of their major predators, but pteropods have also been used as bioindicators of 
global environmental changes such as ocean acidification.  With high latitude 
abundances, pteropods provide significant sustenance for species such as the Atlantic 
salmon in the Atlantic Ocean and Pleuragramma antarcticum in the Southern Ocean.  
Because pteropods eat phytoplankton and other pteropods, factors that affect pteropod 
abundance influence many trophic levels.  This dissertation explores ecological, 
physiological and trophodynamic relationships of pteropods when considering the 
influences of environmental factors observed to be altering the western Antarctic 
Peninsula’s marine ecosystem.  Over the last few decades very few studies have 
reported the distributions of pteropods along the western Antarctic Peninsula, in 
particular south of the Gerlache Strait.  The ecological study provided the first detailed 
report of the pteropods Spongiobranchaea australis and Clione antarctica along the 
western Antarctic Peninsula south of the Gerlache Strait, and their local distribution was 
correlated to the region’s major water masses and mesoscale water mass circulation.  
The physiological study of S. australis and C. antarctica yielded the first account of their 
metabolism, ratios of oxygen consumed to nitrogen excreted, proximate body 
composition, primary substrates oxidized, and enzymatic activities along the study’s 
latitudinal gradient; the first report of S. australis’ physiology anywhere around 
Antarctica.  The final chapter utilized a comprehensive Ecopath with Ecosim model of 
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the western Antarctic Peninsula’s marine ecosystem.  The model was used to explore 
the trophodynamic significance of pteropods within their polar marine ecosystem as well 
as changes in whole ecosystem trophodynamics by employing various climate change 
scenarios expected to alter the Peninsula’s marine ecosystem over the next 40 years.  
The sum of these studies provides a foundation for exploring pteropods as bioindicators 
of environmental change along the western Antarctic Peninsula, a region currently 
experiencing considerable climate anomalies.  
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1.  Introduction 
1.1  The Changing Western Antarctic Peninsula 
The Southern Ocean marine ecosystem surrounding Antarctica has been a 
stable thermal environment on an evolutionary time scale.  With the opening of the 
Drake Passage approximately 25 million years ago (mya), the Antarctic Circumpolar 
Current (ACC) was created and the exchange of latent heat with the rest of the Earth’s 
oceans diminished, thereby thermally isolating Antarctica (Fig. 1.1; Smith 1990).  The 
Southern Ocean began to cool and surface waters stabilized at an average of <-1.5°C 
approximately 14 mya (Clarke & Peck 1991, Shevenell et al. 2004, Riffenburgh 2007).  
Southern Ocean temperatures seasonally range from -2 to 4°C, which has allowed 
species to evolve biochemical traits to live at these polar temperatures (Clarke 1998, 
Pörtner et al. 2007, Seibel et al. 2007, Rosenthal et al. 2009).  Southern Ocean 
organisms use many different adaptations: antifreeze proteins in fishes (e.g. DeVries & 
Wohlschlag 1969, Cullins et al. 2011), accumulations of colligatives like trehalose (e.g. 
Somero & Yancey 1997), more efficient enzymes (e.g. Torres & Somero 1988, 
Hochachka & Somero 2002), increased mitochondrial volumes and surface areas 
(Dymowska et al. 2012) and cold-adapted oxygen consumption rates (Seibel et al. 
2007).  However, regions of the Southern Ocean are warming rapidly, in particular the 
western Antarctic Peninsula (WAP; Meredith & King 2005), as Bellingshausen Sea 
surface temperatures have increased 5-6°C over the past 50 years (Vaughan et al. 
2003).  A tradeoff for life adapted to permanently low temperatures is a decreased 
tolerance of rapidly changing temperatures (Clarke 1988, Somero 2004, 2010, Peck et 
al. 2004, Cheng & Detrich 2007, Pörtner et al. 2007).  With rapid temperature changes 
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along the WAP, it is postulated that temperature will deleteriously affect Southern 
Ocean’s marine ecosystem over the next century, changing trophodynamics with 
observed and projected distributional shifts related to climate anomalies (Fraser et al. 
1992, Rott et al. 1996, Trivelpiece & Fraser 1996, Smith et al. 1998, Moline et al. 2004, 
McClintock et al. 2008, Moline et al. 2008, Lawson et al. 2008, Pörtner 2008, Convey et 
al. 2009, Montes-Hugo et al. 2009, Murphy et al. 2013). 
 
Figure 1.1  Map of Antarctica illustrating the range of the Antarctic Circumpolar Current 
(ACC).  Figure adapted from Martinson (2012). 
 
Warming along the WAP is driven by a combination of environmental factors.  
During the transition from the Austral Winter to Austral Spring, a persistent seasonal 
hole in the ozone layer above Antarctica, in addition to the increasing greenhouse gas 
concentrations, intensifies westerly winds around the continent (Shindell & Schmidt 
2004, Schiermeier 2009, Turner et al. 2009).  This intensification has increased 20% 
since the 1970s (Trathan et al. 2011), influencing deep seawater advection from the 
ACC and upwelling warmer sub-Antarctic water masses, such as Upper Circumpolar 
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Deep Water (UCDW) from the Polar Front (PF), onto WAP continental shelves at depth 
(Klinck et al. 2004, Martinson et al. 2008, Dinniman et al. 2012).  Deeper waters from the 
ACC are warming Southern Ocean waters faster than the mean rate calculated for the 
global ocean (Levitus et al. 2000, 2005, Barnett et al. 2005).   
Upwelling of UCDW has steadily warmed waters between 200 and 400 m, a 
zone historically free of seasonal influences (Smith et al. 1999a).  Increases in UCDW 
upwelling have also been correlated to a steady rate of ice mass loss over the last two 
decades, creating a 40% reduction in the annual WAP mean sea-ice extent (Smith et al. 
1998, Smith & Stammerjohn 2001, Zwally et al. 2002, Parkinson 2002, Klinck et al. 
2004, Martinson et al. 2008, Martinson 2012).  The intrusions of UCDW mixing with 
colder coastal waters along the WAP profoundly influence marine species compositions, 
and shape the pelagic community, both vertebrate and invertebrate (Donnelly & Torres 
2008, McClintock et al. 2008, Parker et al. 2011, Cullins et al. 2011).   
Upwelling of UCDW is most pronounced near Lavoisier and Anvers Islands, and 
south of the Gerlache Strait (Klinck et al. 2004, Smith et al. 1999a, Dinniman et al. 
2012).  Westerly wind intensifications, increased UCDW upwelling and consequent 
losses of sea ice have already begun to separate the WAP marine ecosystem into a 
north and a south component near Lavoisier and Anvers Islands.  The north component 
has high winds and high vertical seawater mixing with less ice resulting in low primary 
productivity, whereas the south component has less intense winds with more ice leading 
to water column stratification and increased productivity (Moline et al. 2004, 2008).   
Glacial and sea ice melt are now common along the WAP and are predicted to 
increase in the far south region near the Ross Sea (Cook et al. 2005, Chen et al. 2006, 
Wingham et al. 2006, Rignot et al. 2008).  As the life cycle of many WAP marine 
organisms depends on the Antarctic sea ice and/or its characteristically low, stable 
temperatures (e.g. Loeb et al. 1997, Seibel & Dierssen 2003, Atkinson et al. 2004, 
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Seibel et al. 2012), environmental forcing factors have begun to influence marine animal 
distributions, and therefore the WAP food web (Smith et al. 1999b, Clarke et al. 2007, 
Ducklow et al. 2007, 2008).  As trophic associations in Antarctica frequently involve a 
small number of species, a change in local distribution of a single marine species could 
cause ecosystem-wide disturbances (Smith et al. 1999b).  At present the WAP marine 
ecosystem is thought to be changing from that of a colder polar environment to one that 
is warmer and sub polar (Ducklow et al. 2007, Martinson 2012).   
Temperature gradients with respect to depth and latitude along the WAP and the 
physiological characteristics of an organism determine polar animal distributions (Roy et 
al. 1998, Pörtner 2006, Pörtner et al. 2007, Pörtner & Farrell 2008).  Recent warming of 
the WAP marine ecosystem at depth (200 to 400 m) has increased the biomass of ice-
intolerant species of sponges and bryozoans (Barnes et al. 2006, Aronson et al. 2007).  
Concomitantly, warming of the WAP marine ecosystem has influenced distributions of 
krill (Lawson et al. 2008), krill’s keystone notothenoid predator Pleuragramma 
antarcticum (La Mesa & Eastman 2012, Parker 2012), and the diet and habitat of one of 
the P. antarcticum’s predators, the Adélie penguin (Ducklow et al. 2007).  
Environmentally forced distributional changes of lower trophic levels will in turn affect 
functionally important components of the WAP marine ecosystem (Dinniman et al. 
2012).   
A functionally important group of holoplanktonic molluscs along the WAP are the 
pteropods, Orders Thecosomata (possess shells as adults) and Gymnosomata (does 
not possess shells as adults).  The relative dearth of data on these taxa along the WAP 
provides opportunities for reporting first order insights into their ecology and physiology.  
These insights would provide a foundation for a more functional understanding of WAP 
trophodynamics, especially when considering environmental forcing factors.  One 
thecosomatous species, Limacina helicina, is considered to be an indicator of ecosystem 
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health (Seibel & Dierssen 2003).  This species comprises significant percentages of 
WAP meso/macroplankton biomass and sometimes displaces krill as the dominant 
zooplankton (Cabal et al. 2002, Pakhomov & Froneman 2004, Granata et al. 2009).  
This thecosome’s monophagous gymnosomatous pteropod predator, Clione antarctica 
(Smith 1902), would in turn be affected by environmental forcing factors (Seibel & 
Dierssen 2003), directly and indirectly, as would higher trophic predators such the 
juvenile P. antarcticum whose diet is comprised of more than 30% L. helicina (Granata 
et al. 2009).  Along the WAP there are six pteropod species (Hunt et al. 2008), and 
although their diversity in high latitudes is less than lower latitudes, their abundances are 
much greater (Lalli & Gilmer 1989). 
Antarctic pteropod abundances have been determined by Continuous Plankton 
Recorders (CPR) (thecosomes), sediment traps (thecosomes), and plankton nets 
(thecosomes and gymnosomes), but there are relatively few studies reporting their 
capture along the WAP (Dunbar 1984, Hopkins 1985, 1987, Boysen-Ennen & Piatkowski 
1988, Foster 1989, Hopkins & Torres 1989, Knox et al. 1996, Fisher et al. 2004, Hunt et 
al. 2008, Parker et al. 2011, U.S. Antarctic Marine Living Resources (AMLR) reports).  
Of these few studies, fewer still have reported thecosome densities south of the 
Gerlache Strait along the WAP, and only a couple of those have reported gymnosome 
densities (e.g. Hopkins 1985, Parker et al. 2011).  Therefore, there is much to be learned 
about WAP pteropods, especially gymnosomes south of the Gerlache Strait.  
There are two gymnosomes species of ecological interest along the WAP, the 
sub-Antarctic Spongiobranchaea australis (d'Orbigny 1836) most common north of the 
PF, and the high Antarctic C. antarctica most common south of the PF (van der Spoel et 
al. 1999, Hunt et al. 2008).  These gymnosomes are monophagous predators of the 
thecosomes Clio pyramidata and L. helicina, respectively (Lalli & Gilmer 1989).  In 
general pteropod trophodynamics and distributions, “have the potential to influence 
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phytoplankton stock, carbon flux, and dimethyl sulfide (DMS) levels that, in turn, 
influence global climate through ocean-atmosphere feedback loops.” (Seibel & Dierssen 
2003). 
With current trends, climate change is predicted to more significantly impact the 
WAP marine ecosystem in the coming decades.  If environmental forcing factors 
increase linearly at the currently observed rates along the WAP, air temperatures may 
rise another 4°C by 2050, westerly wind intensification will increase another 20% by 
2050, and UCDW upwelling and sea ice loss will continue (Dinniman et al. 2012).   
In addition to influencing global temperatures over the next century, increasing 
concentrations of atmospheric carbon dioxide will increase surface seawater’s inorganic 
carbon (DIC) by more than 12% (Brewer 1997, Kleypas et al. 2006).  A 12% increase in 
DIC would equate to a 60% decrease in carbonate-ion concentration (Feely et al. 2004), 
as the ocean acts as a sink to balance atmospheric concentrations of CO2 from the 
burning of fossil fuels (Broecker 1977, 1979, Sabine et al. 2004, Orr et al. 2005).  
Increases in surface seawater CO2 concentrations have led to a lowering of ambient pH 
in a phenomenon known as “ocean acidification” (Seibel & Fabry 2003, Caldeira & 
Wickett 2003, Kleypas et al. 2006, Doney et al. 2009).  Since the mid-1800s global 
surface waters have dropped by 0.1 pH units, equal to a 30% increase in hydrogen ion 
concentrations, and under forecasted scenarios (IPCC 2007), surface seawater is 
expected to drop another 0.4 pH units by 2100 (Houghton et al. 2001, Orr et al. 2005, 
Kleypas et al. 2006).  Another 0.4 drop in pH units, equates to a 100 to 150% increase in 
hydrogen ion concentrations in ocean surface waters, decreasing by 50% the 
biogenically available carbonate ions utilized by functionally important marine life to 
precipitate biogenic calcium carbonate (Riebesell et al. 2000, Zondervan et al. 2001, 
Fabry et al. 2008, Guinotte & Fabry 2008).  Changes of the CO2 system in ocean surface 
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waters have likely not occurred this quickly in the last 20 million years of Earth’s history 
(Feely et al. 2004, Kump et al. 2009).   
Calcium carbonate exhibits an unusual characteristic called retrograde solubility 
in which it becomes less soluble in water as the temperature increases, making it more 
soluble in polar regions (Mucci 1983, Fabry et al. 2008).  Also calcium carbonate is more 
soluble at lower pH values, and as ocean surface waters increase in acidity with 
increases in atmospheric CO2, biogenically precipitated calcium carbonate requires more 
energy to produce and maintain.  There are two major polymorphs of biogenic calcium 
carbonate, calcite and aragonite.  Aragonite, as compared to calcite, is more 
thermodynamically unstable and is 50% more soluble in seawater.  However, aragonite 
is the polymorph utilized by the functionally important Antarctic pteropods (Mucci 1983, 
Byrne et al. 1984).  With increasing ocean acidity, aragonite shell precipitation will 
become energetically more costly for pteropods (Kleypas et al. 2006, Gangstø et al. 
2011).  The Southern Ocean will be one of the first polar regions to experience 
carbonate concentrations below the aragonite saturation threshold (Ω<1; Royal Society 
2005, McNeil & Matear 2008). 
Pteropods have great potential to be indicators of environmental change, 
demonstrating susceptibility to metabolic changes in naturally occurring marine regions 
with high CO2 concentrations (e.g. Lischka et al. 2011), possessing enhanced 
physiological specializations in polar ecosystems (e.g. Rosenthal et al. 2009, Dymowska 
et al. 2012), and being influenced by acidified waters in laboratory experiments (e.g. 
Comeau et al. 2009, 2010).  Studies demonstrating the potential effects of ocean 
acidification on pteropods reveal alterations to their metabolic rates as well as changes 
to shell precipitation and dissolution (Comeau et al. 2009, Lishka et al. 2011, Seibel et 
al. 2012).  However, seasonal changes in pteropod ecology and physiology, 
trophodynamics, and the adaptive potential for certain species of pteropods, indicate that 
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not all pteropods will be affected similarly by ocean acidification (Seibel & Dierssen 
2003, Maas et al. 2011, Seibel et al. 2012). 
Pteropods are food for zooplankton (e.g. chaetognaths and heteropods), fish, 
whales, seals, and birds (Meisenheimer 1905, Lebour 1932, LeBrasseur 1966, Lalli & 
Gilmer 1989, Hunt et al. 2008, Karnovsky et al. 2008), and their response to current 
environmental forcing factors will likely affect the WAP food web.  With first order 
insights into WAP pteropod ecology and physiology, it is possible to construct 
preliminary ecological models to understand pteropod contributions to trophodynamics in 
a region undergoing rapid environmental changes.  This dissertation begins by reporting 
data on the ecology and physiology of the only two Southern Ocean gymnosomes along 
the WAP.  Those data are then used to functionally represent the contribution of the 
gymnosomes to the WAP marine ecosystem, as well as of their thecosome prey, in an 
Ecopath with Ecosim (EwE) model.  Of the few published EwE models of the WAP, none 
have considered pteropods as an individual functional group, omitting their important 
contributions to WAP trophodynamics.  The present dissertation’s EwE model is an 
amalgamation of two main EwE models of the WAP used to understand regional 
trophodynamics in FAO Subarea 48.1 (FAO 2001, Erfan & Pitcher 2005, Hoover 2009), 
and explores ecological consequences of environmental forcing factors from present day 
to the year 2050.  Environmental forcing factors include westerly wind intensification, 
increased UCDW upwelling, decreased sea-ice extent, and increased ocean 
acidification. 
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2.  Distribution of gymnosomatous pteropods in western Antarctic Peninsula shelf 
waters: influences of Southern Ocean water masses  
2.1  Abstract   
Distributions of gymnosomatous pteropods, Clione antarctica and 
Spongiobranchaea australis, were determined at a series of six sites along a latitudinal 
gradient in western Antarctica Peninsula shelf waters using vertically stratified trawls.  
Hydrographic data were collected at the same sites with conductivity-temperature-depth 
casts, and correlations of explanatory variables to gymnosome distributions were 
determined using statistical analyses performed in MATLAB.  Explanatory variables 
included sampling site, latitude, longitude and depth, seawater temperature, salinity and 
density, Southern Ocean Antarctic Surface Water, Winter Water, Upper Circumpolar 
Deep Water and warm transitional waters, as well as oceanographic remote sensing 
data for colored dissolved organic matter, chlorophyll a concentration, normalized 
fluorescence line height, nighttime sea surface temperature, photosynthetically active 
radiation, particulate inorganic carbon, particulate organic carbon, daytime sea surface 
temperature and daily sea ice concentration.  Hydrographic data revealed that warmer 
water masses were prevalent along the western Antarctic Peninsula, and the 
distributions of both gymnosome species were primarily influenced by water masses, 
temperature, sampling site and latitude.  As a consequence, distributional shifts of 
gymnosomes are predicted in response to the current warming trends. 
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2.2  Introduction 
Because most species are physiologically constrained to distinct temperature 
ranges, temperature is currently the most influential environmental parameter causing 
changes to high latitude marine ecosystems (Pörtner et al. 2007).  Temperature 
variability has been low in the Antarctic for the past 14 million years (), and the functional 
adaptation of polar marine organisms to permanently low temperatures implies a 
decreased physiological tolerance to changing temperatures as a trade-off (Clarke 
1998).  It is thus likely that the physiology and distributions of invertebrates in Antarctica 
are strongly influenced by temperature gradients (Roy et al. 1998, Pörtner 2006, 2008, 
Pörtner et al. 2007, Pörtner & Farrell 2008), and temperature gradients are shifting due 
to recent warming trends along the western Antarctic Peninsula (WAP; Meredith & King 
2005).  Climatic warming along the WAP has the potential to influence biodiversity by 
affecting many species’ ability to forage, reproduce, or avoid predation (Smith et al. 
1999a, Ducklow et al. 2007, Pörtner 2008).   
One of the unusual characteristics of the WAP is the persistent intrusion of 
warmer Upper Circumpolar Deep Water (UCDW; Klinck et al. 2004, Martinson et al. 
2008).  UCDW flows at mid-depths (200 to 400 m) from the Antarctic Circumpolar 
Current (ACC), and creates a unique marine environment at mid-depths along the WAP 
as it intrudes into cross-shelf troughs where it mixes with colder coastal waters (e.g. 
Antarctic Surface Water (AASW) and Winter Water (WW); Smith et al. 1999b).  The 
mixing influences water column structure and species’ composition for both vertebrate 
and invertebrate communities (Donnelly & Torres 2008, Parker et al. 2011).  For 
zooplankton such as the sub-Antarctic gymnosome Spongiobranchaea australis 
(d'Orbigny 1836) that is more commonly found north of the Polar Front (PF), or the 
Antarctic gymnosome Clione antarctica (Smith 1902) that live at temperatures near -
1.8°C south of the PF, temperature has an enormous potential for influencing their 
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distributional ranges along the WAP (Hunt et al. 2008).  However, few studies have 
considered the distributions of these two gymnosomes along the WAP and south of the 
Gerlache Strait (e.g. Hopkins 1985, U.S. Antarctic Marine Living Resources (AMLR) 
reports), a meso-scale region where the majority of UCDW enters onto the WAP shelf 
from the ACC (Fig. 2.1; Smith et al. 1999b, Klinck et al. 2004, Dinniman et al. 2012).  
With increased UCDW and regional warming along the WAP, ecological studies can 
provide a better understanding of changes occurring within this marine ecosystem, and 
pteropods have the potential to be bioindicators of environmental changes (e.g. Comeau 
et al. 2009, 2010, Lischka et al. 2011, Maas et al. 2011a,b, Seibel et al. 2012). 
Determining gymnosome distributions along the WAP requires a method of 
collecting multiple vertically or horizontally stratified zooplankton samples along a wide 
latitudinal range while also collecting data on the corresponding physical environment.  
And, as gymnosomes most often inhabit offshore waters, they are generally inaccessible 
unless sampled from research vessels equipped with plankton nets.  Continuous 
Plankton Recorders damage soft tissues.  Sediment traps, vital for understanding 
population dynamics of small plankton such as diatoms, planktonic foraminifers, and 
thecosomes (shelled pteropods), are not appropriate for soft-bodied organisms such as 
gymnosomes because preservatives deform key taxonomic features used for 
identification.  In contrast, mesh nets of zooplankton samplers such as the Multiple 
Opening and Closing Net and Environmental Sampling System (MOCNESS) have been 
successfully used to sample a wide range of taxa without damage and in a variety of 
oceanic ecosystems when used aboard research vessels to capture live specimens.  
Another distinct attribute of the MOCNESS, relative to other mesh-net zooplankton 
sampler systems, is its ability to collect multiple vertically and horizontally stratified 
samples along with corresponding data on the immediate physical environment.  
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Therefore the MOCNESS is a preferred sampling system to determine gymnosome 
distributions along the WAP. 
In the present study, we postulated that distributions of S. australis and C. 
antarctica are determined by distinct water masses along the WAP.  To test this 
hypothesis we looked for significant differences gymnosome species’ distributions within 
and between sites, nets (depth strata), seawater temperatures, seawater salinities, 
seawater densities, latitudes (as they relate to the circulation of Antarctic water masses) 
as well as with oceanographic remotely sensed data.  Our data summarize distributions 
of gymnosomes  with depth (vertical distributions), among site (horizontal distributions), 
and suggests that S. australis is more abundant in warmer waters influenced by UCDW 
advected from the ACC, while C. antarctica is more abundant at higher latitudes 
influenced by colder coastal water masses of the high Antarctic marine ecosystem.   
2.3  Materials and Methods 
2.3.1  Hydrographic Data Sources 
Hydrographic data collection corresponded with trawling events along the WAP, 
extending from Charcot Island in the south to Joinville Island in the north (Fig. 2.1, sites 
1 to 6, respectively) during March and April of 2010.  Conductivity-temperature-depth 
(CTD) casts (n = 34) from the Research Vessel Ice Breaker Nathaniel B. Palmer 
recorded hydrographic data to depths approximately 50 m from the bottom.  Seawater 
depth, temperature, and salinity data were post-processed for the downcast only.  Post-
processing utilized SeaBird software (SBEDataProcessing-Win 32) and applied 
equations from UNESCO (1983).  Seawater density was calculated using the UNESCO 
(1981)/Millero and Poisson (1981) equations.  Southern Ocean water masses were 
identified using the seawater temperature and salinity guidelines from Smith et al. 
(1999b): AASW temperatures 1.8 to 1.0°C with salinities ranging from 33.0 to 33.7 PSU, 
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WW temperatures range down to -1.5°C with salinities ranging from 33.8 to 34.0 PSU, 
and UCDW temperatures 1.0 to 1.4°C with salinities ranging from 34.6 to 34.7 PSU. 
 
Figure 2.1  Western Antarctic Peninsula (WAP) with inset map denoting sampling area.  
Black diamonds in sites 1 to 6 represent locations of the 10 m2 Multiple Opening and 
Closing Net and Environmental Sampling System (MOC-10) trawls.  Circulation of the 
Antarctic Circumpolar Current and sub-gyres 400 to 200 m along the WAP are adapted 
from Smith et al. (1999b), and denoted by arrows.    
 
2.3.2  Gymnosome Sampling  
Instrumentation mounted on the MOCNESS measured the volume of seawater 
filtered (m3 min-1) and depth (m) for each trawling event.  Onboard instrumentation 
recorded all MOCNESS readings, as well as the latitude and longitude of the trawling 
event and trawling speed.  On occasions when the flow volume instrumentation failed for 
an individual MOCNESS net, volume of water filtered in the net was estimated based on 
cruise-wide mean volumes filtered per minute per depth stratum, trawl duration, and 
speed.   
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Gymnosomes were collected from MOCNESS trawls in deep shelf waters along 
the cruise track.  A 10 m2 MOCNESS (MOC-10) fitted with 3 mm mesh nets and capable 
of collecting vertically stratified samples was used (Wiebe et al. 1976, Wiebe et al. 1985, 
Donnelly & Torres 2008, Parker et al. 2011).  Five discrete depth layers between 0 to 
500 m were sampled.  The initial, or drogue net, trawled obliquely to 500 m with 
subsequent nets sampling 500 to 300 m (net 1), 300 to 200 m (net 2), 200 to 100 m (net 
3), 100 to 50 m (net 4), and 50 to 0 m (net 5).  MOC-10 trawls were performed 
throughout the day and night, with towing speeds ranging from 1.5 to 2.5 knots.  Upon 
retrieval, contents collected in each MOC-10 net were emptied into 19L buckets, and the 
gymnosomes present in each bucket were removed, enumerated, and identified to 
species level.  Results were expressed as density of gymnosomes captured (# per 104 
m-3 volume of seawater filtered; Donnelly & Torres 2008).  A total of 44 trawls were 
made:  11, 11, 6, 8, 4 and 4, from sites 1-6, respectively.   
Main goals of the field work required nearly exclusive use of the MOC-10 at each 
site.  However, at each of the six sites at least one 1 m2 MOCNESS (MOC-1) trawl was 
taken using nine, 333 μm mesh nets, primarily for archival purposes.  MOC-1 trawls 
confirmed that adult gymnosomes were present only in sites 1 to 4. 
2.3.3  Oceanographic Remote Sensing Data 
Oceanographic remotely sensed data used in this study were obtained from the 
Giovanni online data system developed and maintained by the NASA GES DISC at 
http://giovanni.gsfc.nasa.gov (Berrick et al. 2009), and from the National Snow and Ice 
Data Center online data system and produced by Dr. P. Gloersen, NASA/GSFC, Oceans 
and Ice Branch.  Giovanni MODIS-Aqua data at a 4 km resolution were obtained from 
Ocean Portal’s Ocean Color Radiometry Online Visualization and Analysis global 
monthly products.  MODIS-Aqua data were averaged for each month, March and April 
2010, and then compared to trawling events occurring in their respective month.  These 
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data included colored dissolved organic matter (CDOM), chlorophyll concentration 
(CHLO), normalized fluorescence line height (NFLH), nighttime sea surface temperature 
(NSST), photosynthetically active radiation (PAR), particulate inorganic carbon (PIC), 
particulate organic carbon (POC), and daytime sea surface temperature (SST).  NASA 
GES DISC defines particulate matter as particles that are caught by filter with pore size 
0.7μm, while dissolved matter are eluted through the filter.  POC largely consists of 
phytoplankton and organic detritus and PIC consists primarily of biogenic calcium 
carbonate; they are both estimated using remote sensing through backscatter 
algorithms.  NFLH is solar-stimulated chlorophyll a fluorescence at 698 nm.  Daily sea-
ice concentration (DSIC) data over this study’s sampling area were generated using the 
NASA Team algorithm (Cavalieri et al. 1996; Nimbus-7 SMMR and DMSP SSM/I 
passive microwave data), then compared to trawling events occurring on associated 
days.  Remotely sensed data were matched with species’ density data using latitude and 
longitude coordinates to the nearest tenth of a decimal degree.  For a point of latitude 
and longitude correlating to species’ density that had no comparable oceanographic 
data, two-dimensional linear interpolation was performed using Delaunay triangulation of 
the scattered data (MATLAB: MathWorks, Natick, Massachusetts, USA; de Berg et al. 
2008).   
2.3.4  Statistical Methods 
Statistical analyses were performed in MATLAB (MathWorks, Natick, 
Massachusetts, USA) with the Fathom toolbox (Jones 2012) to include a distribution-
free, permutation-based variant of MANOVA (NP-MANOVA; Anderson 2001), which is 
appropriate for analyzing ecological data.  For analyses, CTD cast profiles of seawater 
temperature, salinity and density were averaged in 10 m intervals, as each CTD cast 
varied in depth and could not be directly compared per trawling event.  Significance for 
each statistical method (P < 0.05) was evaluated with distribution-free randomization 
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tests (n = 1000 iterations), removing reliance on the assumptions of any one 
distributional model (Anderson 2001).  
NP-MANOVA was used to analyze vertical density data for both species, 
accounting for presence and absence per trawl, per net, in relation to the categorical 
variables site, net, and seawater temperature, salinity, and density (Table 2.1a), and the 
Southern Ocean water masses, AASW, WW, UCDW and warm transitional waters 
influenced by UCDW (Table 2.1b).  The first set of null hypotheses stated that there 
were no differences in gymnosome densities among levels of the independent 
categorical variables.  When an explanatory variable yielded a significant effect, NP-
MANOVA was followed by post-hoc multiple comparison pair-wise tests. 
 
 
Table 2.1  Categorical transformation ranges for temperature, salinity and density  
a) 
Number 
Categorical 
Temperature (˚C) 
Categorical Salinity 
(PSU) 
Categorical Seawater 
Density (kg m-3) 
1 1.5 to 1.2 34.70 to 34.5 1027.80 to 1027.7 
2 1.2 to 1.0 34.49 to 34.3 1027.69 to 1027.6 
3 1.0 to 0.0 34.29 to 34.1 1027.59 to 1027.4 
4 0.0 to -1.0 34.09 to 33.8 1027.39 to 1027.1 
5 -1.0 to -1.9 33.79 to 33.3 1027.09 to 1026.8 
 
b) 
Number 
Categorical Water 
Mass 
Categorical Temperature 
(˚C) 
Categorical Salinity 
(PSU) 
1 AASW -1.8 to 1.0 33.0 to 33.7 
2 WW -1.5 to 0.0 33.8 to 34.0 
3 UCDW 1.0 to 1.4 34.6 to 34.7 
4 Transitional Water 0.0 to 1.0 34.0 to 34.6 
 
 
Analyses also included a stepwise forward selection of explanatory variables in 
Redundancy Analysis (RDA) based on Akaike information criterion (AIC) to explain 
variability in gymnosome vertical density per stratified trawling event.  To find the most 
parsimonious subset of the explanatory variable(s) using RDA, the following categorical 
 
 
26 
 
variables were used: site, net, mean net depth of occurrence, water mass, seawater 
temperature, salinity, density, and trawl latitude and longitude.  Calculating the mean net 
depth of occurrence for gymnosomes captured in the MOC-10 trawls was accomplished 
using the MATLAB Fathom toolbox to calculate a weighted mean depth of occurrence 
separately for all sites and for each sampling event (f_depthMean; Brodeur & Rugen 
1994).  Latitude and longitude were converted to Universal Transverse Mercator (UTM) 
coordinates for Northing and Easting.  Categorical variables were dummy coded when 
used in RDA.  Continuous explanatory variables were transformed using square root, 
fourth root, log base ten (x + 1), natural log (x + 1), and log base two (x + 1).  For the 
response data, the vertical density of gymnosomes had only square root and fourth root 
transformations applied.  The second set of null hypotheses stated that there were no 
relationships between gymnosome vertical densities and the categorical variables site, 
net, mean net depth, water mass, temperature, salinity, density, and Northing and 
Easting.   
Horizontal abundance data (number of gymnosomes under 103 m2 of sea 
surface) were calculated by summing the total gymnosomes caught per trawling event 
over the trawling area (Goldman & McGowan 1991, Criales et al. 2004) then analyzed 
with NP-MANOVA to test for a separation of distributions between sampling sites.  When 
significance differences were detected, post-hoc multiple comparison pair-wise tests 
were used to detect where there were significant effects in relation to gymnosome 
horizontal abundances and site.  The third null hypothesis stated that there was no 
difference in gymnosome horizontal abundance in regards to site.   
Analyses also included a stepwise forward selection of explanatory variables in 
RDA based on AIC to explain the variability of only known gymnosome density per 
stratified trawling event.  This was done to find the most parsimonious subset of the 
explanatory variable(s) in RDA to explain observed gymnosome density in regards to the 
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following explanatory variables: site, net, mean net depth, Southern Ocean water mass 
type (per Smith et al. 1999b), seawater temperature, seawater salinity, seawater density, 
latitude, longitude, CDOM, CHLO, NFLH, NSST, PAR, PIC, POC, SST, and DSIC.  Prior 
to statistical analyses latitude and longitude coordinates were converted to UTM 
coordinates to Northing and Easting.  Categorical explanatory variables were dummy 
coded when used in RDA.  Continuous explanatory variable data was transformed using 
square root, fourth root, log base ten (x + 1), natural log (x + 1), and log base two (x + 1).  
For the response data, vertical density of gymnosomes had only square root and fourth 
root transformations applied.  The fourth set of null hypotheses stated that there were no 
relationships between gymnosome vertical densities and the categorical variables site, 
net, mean net depth, Southern Ocean water mass type, temperature, salinity, density, 
Northing, Easting, CDOM, CHLO, NFLH, NSST, PAR, PIC, POC, SST, and DSIC. 
2.4  Results 
2.4.1  Sampling Sites and Hydrography 
Temperature-Salinity profiles from the CTD cast data reveal the presence of WW 
in the southern-most sampling sites, 1 and 2, while WW was almost entirely absent from 
site 3, and completely absent in site 4 (Fig. 2.2).  The near absence of WW at sites 3 
and 4 suggests that this water mass was mixed with the warmer waters above and 
below, creating warmer transitional waters.  AASW, transitional water, and UCDW were 
consistently detected in sites 1 through 4.  The more northern sites 5 and 6 had nearly 
isothermal water columns and individual water masses were not present.  For this 
reason, and concerning the gymnosome capture data below, hydrographic results focus 
on sites 1 to 4 only.  Temperatures at sites 1 through 4 were typically above 0˚C, 
whereas temperatures at sites 5 and 6 were typically below 0˚C.  For this study the 
water temperature minimum was approximately -1.8˚C, and the maximum was 
approximately 1.8˚C.   
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Figure 2.2  Water masses and gymnosome depths.  Water masses identified for sites 1 
to 4, as determined by CTD casts, are illustrated by latitude and water depth (left y-axis).  
Water mass boundaries at depth are denoted by solid black lines.  Water masses 
labeled are: Antarctic Surface Water (AASW), Winter Water (WW), Transitional Water, 
and Upper Circumpolar Deep Water (UCDW).  Mixing is assumed to create the 
Transitional Water’s temperatures and salinities.  Mean depths of capture of 
gymnosomes per trawl by latitude are illustrated for Spongiobranchaea australis with 
open stars, and Clione antarctica double open circles.   
 
 
Mean hydrographic data (Fig. 2.2) revealed a seawater profile in site 1 with 
AASW extending from the surface to 70 m, WW from 70 to 130 m, warmer transitional 
waters from 130 to 260 m, and UCDW from 260 to 500 m; site 2 with AASW from 
surface to 70 m, WW from 70 to 110 m, warmer transitional waters from 110 to 220 m, 
and UCDW from 220 to 500 m; and site 3 and site 4 lost the colder mid-depth waters.  
Site 3 had AASW from the surface to 60 m, warmer transitional waters from 60 to 300 m, 
and UCDW from 300 to 500 m.  However a very small presence of WW from 40 to 60 m 
near 66°S in site 3 was revealed in CTD cast data.  Site 4 had AASW from surface to 70 
m, warmer transitional waters from 70 to 230 m, and UCDW from 230 to 500 m.  The 
water column structure indicates a consistent presence of UCDW in each of the sites, 
with the majority of the warmer UCDW detected in sites 3 and 4, or nearest to the ACC.  
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These findings of UCDW were supported by the Palmer Station Antarctica - Long Term 
Ecological Research (LTER) findings of Martinson et al. (2008).     
2.4.2  Species Vertical Density, Horizontal Abundance, and Hydrography   
Adult gymnosomes were absent in stratified MOC-10 trawls in sites 5 and 6, sites 
characterized by isothermal water columns, while trawls at sites 1 to 4 consistently 
captured adult gymnosomes and CTD casts revealed stratified water columns.  Across 
sites 1 to 4, S. australis was captured most often in the depth stratum of net 2, 300 to 
200 m (Fig. 2.2).  Cruise-wide mean water depth of occurrence for S. australis was 179 
+ 18 m.  The mean depth of capture at site 1 was 171 + 42 m, site 2 was 174 + 42 m, 
site 3 was 151 + 32 m, and site 4 was 209 + 33 m.  The first series of null hypotheses 
were rejected as vertical densities of S. australis differed significantly by site and 
seawater temperature, and demonstrated a relationship with deeper water strata (net 2) 
associated with warmer water temperatures (Table 2.2a).  Pair-wise test results for S. 
australis demonstrated significant vertical density differences in site 3 as compared to 
sites 1 and 2, net 2 compared to net 1, and temperature ranging from 1.2 to 1.0°C 
versus 1.5 to 1.2 or 0.0 to -1.0°C (Table 2.3).  Pair-wise test results for both gymnosome 
species are shown in Table 2.4a. 
 
Table 2.2  Significant NP-MANOVA results        
 
a)
Spongiobranchaea australis
Explanatory Variable F statistic P value Number of Observations Degrees of Freedom
Site F = 2.85 P = 0.011 220 5
Seawater Temperature F = 4.14 P = 0.005 220 4
Net F = 8.22 P = 0.011 220 4
b)
Clione antarctica
Explanatory Variable F statistic P value Number of Observations Degrees of Freedom
Site F = 3.80 P = 0.007 220 5
Net F = 3.56 P = 0.004 220 4
Seawater Temperature F = 3.17 P = 0.015 220 4
Seawater Salinity F = 4.53 P = 0.002 220 4
Seawater Density F = 4.76 P = 0.004 220 4
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Table 2.3  10 m
2
 MOCNESS (MOC-10) trawl data for WAP Austral fall cruise (2010)   
Note: S.a. = Spongiobranchaea australis, C.a. = Clione antarctica, 
Ɨ
 Flow volume instrumentation failed for individual MOC-10 net, * Failed MOC-10 tow 
 
 
Site Trawl GMT Date GMT Time Latitude (°S) Longitude (°W) Bottom Depth (m) Volume Filtered (m 3) S.a (#) C.a (#)
1 8 27-Mar 350 69 59.15 76 45.02 700 62677.13 1 1
1 9 27-Mar 813 69 55.41 76 52.22 700 53233.4 0 0
1 10 29-Mar 617 70 25.13 76 14.06 743 63125.47 1 0
1 11 29-Mar 927 70 25.13 76 16.36 813 65802.88 0 1
1 12 29-Mar 1206 70 24.85 76 32.80 1200 54665.54 1 0
1 13 29-Mar 1427 70 25.01 76 19.38 725 70701.82 0 1
1 14 29-Mar 1857 70 25.19 76 32.45 1259 92587.32 1 3
1 15 29-Mar 2205 70 25.18 76 20.02 695 77406.65 2 1
1 16 30-Mar 27 70 25.19 76 34.44 1299 78906.69 2 0
1 17 31-Mar 207 69 50.83 76 00.15 757 46593.45 1 0
1 18 31-Mar 428 69 50.85 76 00.81 787 60631.01 3 0
2 19 3-Apr 1207 67 46.73 68 06.06 860 124631.88 0 17
2 20 5-Apr 2243 67 52.58 68 08.47 506 137647 4 9
2 21 6-Apr 427 67 52.42 68 08.13 685 162795.91 7 3
2 22 6-Apr 949 67 51.95 68 07.78 710 73936.69Ɨ 6 2
2 23 7-Apr 2122 68 21.31 70 12.41 726 69739 4 0
2 24 8-Apr 33 68 21.94 70 11.83 826 148146.6 1 0
2 25 8-Apr 1807 67 52.54 68 08.26 680 130896.13 4 28
2 26 10-Apr 2228 67 58.64 68 33.60 596 154631.16 1 2
2 27 11-Apr 432 67 58.53 68 33.39 800 128575.06Ɨ 2 4
2 28 11-Apr 2225 67 58.50 68 33.33 564 179995.35 3 49
2 29 12-Apr 438 67 48.96 68 11.01 886 60910 2 11
3 30 14-Apr 322 66 05.10 66 23.15 745 52896 7 0
3 31 14-Apr 556 66 05.10 66 22.86 370 57477.30Ɨ 1 0
3 32 14-Apr 829 66 05.23 66 23.03 472 56944.8 0 0
3 33* 15-Apr 318 66 19.60 66 41.21 490 0 0 0
3 34 15-Apr 544 66 17.93 66 38.93 500 135056.3 6 0
3 35 15-Apr 1041 66 14.58 66 33.00 911 67957 2 0
3 36 16-Apr 129 66 10.80 66 27.26 657 112037.84 1 0
4 1* 22-Mar 206 64 35.67 65 26.80 600 0 0 0
4 2* 22-Mar 451 64 34.35 65 23.17 629 0 0 0
4 3* 22-Mar 1354 64 28.14 65 05.72 591 0 0 0
4 4 22-Mar 1858 64 29.31 65 08.44 574 54085.01 2 0
4 5 23-Mar 554 64 40.48 65 32.20 655 33472 0 0
4 6 23-Mar 812 64 42.80 65 27.50 690 57913.7 0 0
4 7 23-Mar 1100 64 45.90 65 21.89 597 50095.7 0 0
4 37 17-Apr 2139 64 58.91 64 30.96 961 79511.00Ɨ 10 1
4 38 18-Apr 118 64 59.97 64 33.94 925 135847.99 5 0
4 39 18-Apr 632 65 00.03 64 33.83 899 121631 3 0
4 40 18-Apr 1115 64 59.82 64 33.48 930 117470.48 2 3
5 41 23-Apr 1330 63 56.44 61 39.40 1174 137814.6 0 0
5 42 23-Apr 1827 64 05.50 61 47.78 1239 140494.41 0 0
5 43 24-Apr 233 64 05.70 61 48.11 1040 63772.3 0 0
5 44 24-Apr 621 64 05.72 61 47.88 1056 125278.47 0 0
6 45 25-Apr 2304 63 25.11 56 42.48 781 112567 0 0
6 46 26-Apr 334 63 30.97 56 29.79 753 129452.30Ɨ 0 0
6 47 26-Apr 741 63 25.59 56 43.70 935 59863.20Ɨ 0 0
6 48 26-Apr 2143 63 24.32 56 48.47 356 51886.00Ɨ 0 0
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Table 2.4  Pairwise Results; P < 0.05 is considered significant     
a) 
Spongiobranchaea australis pair-wise results with 1000 iterations 
 
Site Net Categorical Temperature 
1 vs. 3 (P = 0.016) 1 vs. 2 (P = 0.015) 1 vs. 2 (P = 0.036) 
2 vs. 3 (P = 0.044)  2 vs. 4 (P = 0.005) 
 
b) 
Clione antarctica pair-wise results with 1000 iterations 
 
Site Net Categorical Temperature 
1 vs. 2 (P = 0.014) 1 vs. 3 (P = 0.003) 3 vs. 4 (P = 0.008) 
2 vs. 3 (P = 0.033) 2 vs. 3 (P = 0.032)  
2 vs. 4 (P = 0.015)   
 
 
  
 
 
Species of S. australis were captured most often in warmer transitional waters 
influenced by UCDW or in UCDW.  The second null hypothesis was rejected as vertical 
density differences across sites 1 to 4 is explained by a negative relationship with 
latitude (Northing), a strong positive relationship with depths sampled by net 2, a positive 
relationship with warmer water temperatures (1.2 to 1.0°C) indicative of transitional 
water influenced by UCDW, and a positive relationship with UCDW when plotted on a 
single canonical axis (RDA: Fig. 2.3; F = 3.34, P = 0.008, N = 180 obs.).  Therefore, 
higher vertical densities of S. australis were associated with lower latitudes, UCDW, 
warmer water temperatures, and the 300 to 200 m depth stratum sampled by Net 2.  
Horizontal abundances for this species showed no significant differences among sites 1 
through 4 per our third null hypothesis, although the abundance of S. australis generally 
increased moving from site 1 to site 4 (Fig. 2.4a). 
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Figure 2.3  Redundancy analysis (RDA) plot for Spongiobranchaea australis with 
respect to water masses and water mass properties.  RDA reveals a negative 
relationship with latitude (Northing), a strong positive relationship with depths sampled 
by net 2 (300-200m), and a positive relationship with Upper Circumpolar Deep Water 
(UCDW) when plotted on a single canonical axis (RDA: F = 4.39, P = 0.004, N = 180 
obs.).  Higher vertical densities of S. australis were associated with lower latitudes, 
UCDW, warmer water temperatures, and the 300 to 200 m depth stratum sampled by 
Net 2. 
 
 
In contrast, C. antarctica was rarely captured in all sites except site 2 (Fig. 2.2, 
Table 2.3).  This species was captured most often in the depth stratum 200 to 100 m, net 
3 (Fig. 2.2).  Cruise-wide mean depth of occurrence was 135 + 9 m.  The mean depth of 
capture at site 1 was 100 + 29 m, site 2 was 137 + 9 m, site 3 trawls captured no C. 
antarctica, and in site 4 was 288 + 43 m.  The first set of null hypotheses were rejected 
for this species as vertical densities differed significantly by site, a more shallow water 
strata sampled by net 3, seawater temperature, seawater salinity, and seawater density 
(Table 2.2b).  Pair-wise test results for C. antarctica demonstrated significant vertical 
density differences in site 2 as compared to either site 1, 3 or 4, in net 3 compared to 
nets 1 or 2, and temperature ranging from 0.0 to -1.0°C versus 1.0 to 0.0°C (Table 2.4b). 
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Figure 2.4  Distribution contour maps of a) Spongiobranchaea australis and b) Clione 
antarctica across study sampling area.  Contour lines produced using numbers of 
gymnosomes captured (104 m3) per volume of seawater filtered (m3; Table 2.3) in 10 m2 
Multiple Opening and Closing Net and Environmental Sampling System (MOC-10) 
trawling events (n = 44) with respect to latitude and longitude.  S. australis were 
captured more frequently per trawl in sites closer to the Polar Front, whereas C. 
antarctica was primarily caught in Marguerite Bay (site 2). 
 
 
In general vertical densities of C. antarctica were most strongly associated with 
cooler water temperatures in more shallow waters.  The second null hypothesis was 
rejected as C. antarctica vertical density variability across sites 1 to 4 is explained by a 
strong relationship with cold temperatures relating to WW (-1.0 to 0.0°C), a strong 
relationship with site 2, a weaker relationship with seawater salinities influenced by 
AASW (33.3 to 33.8 PSU), and a negative relationship with UCDW when plotted on a 
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single canonical axis (Fig. 2.5; RDA: F = 12.03, P = 0.001, N = 180 obs.).  Therefore, 
higher vertical densities of C. antarctica were associated with a decreased presence of 
UCDW, less saline waters, proximity to site 2, and cold water temperatures relating to 
WW.  C. antarctica’s horizontal abundances were significantly different between sites 
(NP-MANOVA: F = 3.75, P = 0.016, N = 36 obs.), with pairwise tests showing significant 
separations in site 2 versus 3 (P = 0.050) and in site 2 versus 4 (P = 0.030).  The third 
null hypothesis was rejected as C. antarctica’s horizontal abundances varied with 
latitude, with the greatest horizontal abundances observed in the southernmost sites 
(Fig. 2.4b).   
 
 
Figure 2.5  Redundancy analysis (RDA) plot for Clione antarctica with respect to water 
masses and water mass properties.  RDA reveals a strong relationship with cold 
temperatures relating to WW (-1.0 to 0.0°C), a strong relationship with site 2, a weaker 
relationship with salinities relating to AASW (33.3 to 33.8 PSU), and a negative 
relationship with Upper Circumpolar Deep Water (UCDW) when plotted on a single 
canonical axis (RDA: F = 12.03, P = 0.001, N = 180 obs.).  Higher vertical densities of C. 
antarctica were associated with a decreased presence of UCDW, less saline waters, 
proximity to site 2, and cold water temperatures relating to WW. 
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RDA analysis of gymnosome densities under the fourth hypothesis confirmed the 
relationships with Southern Ocean water masses and depth, however C. antarctica 
density also demonstrated a positive relationship with the presence of sea ice.  The 
fourth null hypothesis was rejected for S. australis as 60% of the variability in vertical 
density across sites 1 to 4 was explained by a strong relationship with transitional waters 
influenced by UCDW and deeper depths (Fig. 2.6a; RDA: F = 15.80, P = 0.001, N = 35 
obs.).  The fourth null hypothesis was also rejected for C. antarctica as 69% of the 
variability in vertical density across sites 1 to 4 was explained by a strong relationship 
with site 2, a weak negative relationship with sea ice, and a negative relationship with 
AASW (Fig. 2.6b; RDA: F = 23.37, P = 0.001, N = 35 obs.).  Therefore vertical densities 
of S. australis increase in warmer, deeper waters, whereas vertical densities of C. 
antarctica increase closer to site 2 and decreases with the presence of sea ice and 
AASW. 
2.5  Discussion 
Gymnosome distributions were influenced primarily by Southern Ocean water 
masses, temperature, site, depth, and latitude along the WAP.  The highest densities of 
S. australis were associated with lower latitudes nearest the ACC and warmer water 
temperatures influenced by advection of UCDW from the ACC in the 300 to 200 m depth 
stratum.  In contrast, the highest vertical densities of C. antarctica were associated with 
less saline, colder waters in site 2, and vertical density generally decreased in the 
presence of UCDW and further from the ACC.  The present study’s hydrographic data 
revealed that UCDW has increased its influence at depth on the WAP marine ecosystem 
since the study of Smith et al. (1999b), which is confirmed by Dinniman et al. (2012).  
More S. australis were observed in sites 3 and 4, sites that experience the most 
intrusions of UCDW at depth.   
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a) 
 
b) 
 
 
Figure 2.6  Redundancy analysis (RDA) plot for a) Spongiobranchaea australis, and b) 
Clione antarctica when including oceanographic remotely sensed variables.  
Spongiobranchaea australis’ vertical densities across sites 1 to 4 reveals a strong 
relationship with transitional waters influenced by UCDW and deeper depths related to 
UCDW (RDA: Fig. 2.6a, F = 15.80, P = 0.001, N = 35 obs.), whereas Clione antarctica’s 
vertical densities across sites 1 to 4 reveals a strong relationship with site 2, a weak 
negative relationship with sea ice, and a negative relationship with AASW (RDA: Fig. 
2.6b, F = 23.37, P = 0.001, N = 35 obs.).  Therefore vertical densities of S. australis 
increase in warmer, deeper waters, whereas vertical densities of C. antarctica increase 
closer to site 2 and with the presence of sea ice, but decreases with the increasing 
presence of AASW. 
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Comparisons of the present study’s hydrographic data with that of Smith et al. 
(1999b) showed similar vertical water temperature minima in shelf waters along the 
WAP for the Austral fall, yet the present study’s temperature maxima were 
approximately 0.5°C warmer.  Increasing UCDW intrusions originating from ACC are 
consistent with the observed warming trend.  The topographical relief, 200 m relative to 
400 m, for the continental shelf waters of the WAP facilitate the formation of a large 
cyclonic gyre bound between the ACC and Antarctic continent within the Bellingshausen 
Sea.  Within this gyre are two cyclonic sub-gyres that circulate UCDW into WAP shelf 
waters at depth.  The dynamic forces of the sub-gyres direct the greatest amounts of 
UCDW from the ACC into WAP shelf waters near sites 3 and 4 (Fig. 2.1; Dinniman et al. 
2012).  The depths of the dynamic topography (400 to 200 m) are considered to be 
below the influence of seasonal variability (Hofmann et al. 1992, Hofmann et al. 1996, 
Smith et al. 1999b), and therefore increased UCDW and warmer water temperatures at 
depth indicates long-term and sustained water mass warming in this polar marine 
ecosystem with the advection of warm water masses from the ACC.   
Interestingly, temperatures below 200 m along the WAP have not only increased, 
but warmer water temperatures have also progressed landward over the last two 
decades since the Smith et al. (1999b) observations, as revealed in the present study’s 
CTD data.  The increased UCDW intrusions, and thus warmer waters along the WAP 
shelf, could be affected by interannual or decadal-scale variations.  However, our results 
are also confirmed by the WAP hydrographic data of Martinson et al. (2008, 2012) and 
Dinniman et al. (2012) who reported a persistent warming of WAP shelf waters with an 
increasing presence of UCDW over the last several decades.  Martinson (2012) also 
reported increases in UCDW along the WAP, which is likely the result of westerly wind 
intensification, increased UCDW upwelling and decreased seasonal sea ice (Dinniman 
et al. 2012).  Westerly wind intensification around Antarctica has increased 20% since 
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the 1970s (Trathan et al. 2011, Dinniman et al. 2012), influencing UCDW advection from 
the ACC.  Upwelling of UCDW is most pronounced near Lavoisier and Anvers Islands 
south of the Gerlache Strait (Klinck et al. 2004, Smith et al. 1999a, Dinniman et al. 
2012).  The persistent warming at depth by UCDW has created a shifting mesoscale 
temperature gradient along the WAP marine ecosystem, as warmer waters continue to 
move landward, ultimately affecting species’ distributions (e.g. Moline et al. 2004). 
Where the greatest amounts of UCDW entered the WAP shelf waters at depth 
near Lavoisier and Anvers Islands, the highest densities of S. australis were found.  And, 
as UCDW was continually present at depth in sampling sites 1 through 4, so was S. 
australis.  Moving southward to the colder waters at sites 1 and 2, a significant increase 
in C. antarctica densities and abundances were observed; particularly in site 2.  Both of 
these sites were influenced by WW, and both sites contained C. antarctica.   
The present study demonstrates a distributional range for S. australis further 
south of the PF than the range reported in Hunt et al. (2008) and in the reviewed studies 
over the last three decades cited therein.  Since these earlier studies, the WAP has 
experienced a diminishing seasonal sea-ice cover and a subsequent highly altered 
seasonal cycle, ultimately resulting in the distributional shifts of polar marine organisms 
(Fraser et al. 1992, Rott et al. 1996, Trivelpiece & Fraser 1996, Smith et al. 1998, 
McClintock et al. 2008, Moline et al. 2008, Lawson et al. 2008, Convey et al. 2009).  For 
example, with diminishing seasonal sea-ice cover the ice-dependent Adélie penguin 
populations have significantly decreased, and ice-intolerant chinstrap and gentoo 
penguin populations have increased (Smith et al. 1999a, Ducklow et al. 2007).  
Synchronously, the ice-dependent Antarctic silverfish (Pleuragramma antarcticum), a 
keystone species in the polar pelagic marine ecosystem, has been disappearing along 
the WAP (Ducklow et al. 2007).  Recent warming of the WAP marine ecosystem at 
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depth (400 to 200 m) has also increased the biomass of ice-intolerant species of 
sponges and bryozoans (Barnes et al. 2006, ASOC 2008).   
As with other distributional shifts due to WAP warming, S. australis may have 
expanded its distributional range into increasingly habitable waters south of the PF, 
made possible by the increasing water mass advection of UCDQ from the ACC, while 
distributions of C. antarctica are restricted to more southern regions.  When comparing 
the present study’s MOC-10 data from sites 2 and 3 to the 2001/2002 Austral Fall MOC-
10 Global Ocean Ecosystem Dynamics (GLOBEC) data on gymnosome densities at the 
corresponding sites reported in Parker et al. (2011), we found that S. australis was again 
influenced by warmer waters advected from the ACC, as well as an increasing high 
latitude density of C. antarctica in site 2.  For example, S. australis was never captured 
in the GLOBEC Fall 2001 MOC-10 trawling events.  In 2002 trawls S. australis was 
captured most often in more northern waters near the ACC, and proximity to the ACC 
increased the mean density of S. australis, explaining 22% of the variability in 
distributions reported in Parker et al. (2011; RDA: F = 6.78, P = 0.026).  Mean density of 
S. australis in site 2 increased from 0.008 to 0.380 gymnosomes per 104 m-3 of 
seawater, from 2002 to 2010, respectively.  In the GLOBEC Fall 2002 MOC-10 trawls S. 
australis was absent in site 3, yet this study’s 2010 mean density in site 3 increased 
substantially to 0.74 gymnosomes per 104 m-3 of seawater.  C. antarctica’s 2002 to 2010 
mean density in site 2 increased from 0.02 to 1.26 gymnosomes 104 m-3 of seawater, 
and was also absent in site 3 in 2001, 2002 and 2010 MOC-10 trawls.  The observed 
changes in mean Austral fall density of C. antarctica from 2001 to 2002 are similar to 
shifts in krill distributions, a likely response to warmer water masses along the WAP 
(Lawson et al. 2008). 
Warmer water temperature would affect metabolic rates and enzymatic activities, 
ultimately influencing the ability of organisms to forage, reproduce, and/or avoid 
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predation (Pörtner et al. 2007).  The Antarctic polar marine ecosystem is generally 
characterized by permanently cold, stable temperatures (Clarke & Peck 1991), and as a 
tradeoff for life adapted to these low temperatures, there is a decreased tolerance of 
changing temperatures (Clarke 1998, Pörtner et al. 2007).  Although there are no studies 
detailing the physiology of the sub-Antarctic gymnosome S. australis, its typical habitat 
characteristics north of the PF and this study’s distribution correlations suggest that S. 
australis is physiologically adapted to warmer sub-polar temperatures and water 
masses.  As warmer water masses are increasingly advected from the ACC onto the 
WAP shelf, S. australis populations may be able to expand their distributions in the 
region of the WAP.   
Physiological studies of C. antarctica reveal neuro-muscular and energetic 
temperature compensation that supports its continuous locomotion in cold waters (Seibel 
et al. 2007, Rosenthal et al. 2009, Dymowska et al. 2012).  It is likely that the dissimilar 
habitats of the Southern Ocean gymnosomes have resulted in different physiological 
adaptations to live in distinct thermal ranges or “climate envelopes” (Pearson & Dawson 
2003).  One line of evidence to support this theory comes from the visual observations 
during the present study, which suggest that the sub-Antarctic S. australis may have two 
swimming gaits. 
If Southern Ocean gymnosomes live in dissimilar thermal ranges, colder 
Antarctic waters would act as a physiological barrier to limit the distributions of S. 
australis, and similarly, warmer temperatures would act as a physiological barrier to limit 
the distributions of the cold-adapted C. antarctica (Seibel et al. 2007, Pörtner et al. 2007, 
Pörtner & Farrell 2008).  Unique water masses of the Southern Ocean, defined by 
temperature and salinity, are invaluable mesoscale indicators of physical oceanography 
and the dynamic marine ecosystem response.  With increasing occurrences of UCDW 
impinging upon the WAP shelves, temperature-driven distributional shifts of both 
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gymnosome species may increase future interactions, ultimately shifting distributions in 
a region changing from a continental polar environment to a sub polar marine one 
(Ducklow et al 2007, Martinson et al. 2012). 
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3.  Physiology of western Antarctic Peninsula gymnosomatous pteropods, Austral 
Fall 2010 
3.1  Abstract 
Two species of Southern Ocean gymnosomatous pteropods with dissimilar 
distributional ranges and thermal optima were collected during March to April 2010 and 
between 0 and 500 m from western Antarctic Peninsula (WAP) shelf waters in the 
vicinity of Anvers, Lavoisier, Adelaide and Charcot Islands.  The sub-Antarctic species, 
Spongiobranchaea australis and its thecosomatous pteropod prey, Clio pyramidata, 
typically occupy regions north of the Polar Front, whereas the true Antarctic species, 
Clione antarctica and its thecosomatous pteropod prey, Limacina helicina antarctica, 
inhabit colder waters and higher latitudes.  Oxygen consumption rates, ammonia 
excretion rates, proximate body compositions and the activities of three metabolic 
enzymes, lactate dehydrogenase (LDH, an indicator of the anaerobic potential of 
locomotory muscle), malate dehydrogenase (MDH, an indicator of aerobic and 
anaerobic potential), and citrate synthase (CS, an indicator of citric acid cycle activity or 
aerobic potential), were determined in both gymnosome species.  The metabolic rate of 
S. australis was found to be significantly higher than that of C. antarctica and most 
pteropod species around the world.  Mean ratio of oxygen consumed to ammonia 
excreted (O:N) indicated that S. australis was oxidizing primarily lipids while C. 
antarctica was oxidizing a mixture of proteins and lipids.  Proximate body compositions 
suggested a substantially larger lipid storage in C. antarctica (~5%), and S. australis had 
little or no lipid depot (~3%).  Differences observed in S. australis’ ammonia excretion 
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rates and O:N values with latitude, as well as the distinct absence of its prey in all 
trawling events along the WAP, may be related to starvation.  Prolonged starvation was 
indicated in S. australis captured at sites furthest from the Antarctic Circumpolar Current 
(ACC). 
3.2  Introduction 
Pteropods are holoplanktonic gastropod molluscs divided into two orders, 
Thecosomata (shelled pteropods) and Gymnosomata (naked pteropods), which 
collectively are food for zooplankton (e.g. chaetognaths and heteropods), fish, whales, 
seals, and birds (Meisenheimer 1905, Lebour 1932, Dunbar 1942, LeBrasser 1966, Lalli 
& Gilmer 1989, Hunt et al. 2008, Karnovsky et al. 2008).  Antarctic gymnosomes are 
physiologically specialized predators that have coevolved with their thecosome prey 
(Lalli & Gilmer 1989).  For instance, Clione antarctica exhibits a suite of cold-adapted 
characteristics including single locomotory gait (Rosenthal et al. 2009) and elevated 
metabolic rates (Seibel et al 2007).  Gymnosomes have greater abundances in colder, 
temperate and polar waters (Lalli & Gilmer 1989, van der Spoel & Dadon 1999, Hunt et 
al. 2008), geographic regions currently experiencing rapid climate change (e.g. Meredith 
& King 2005).  Understanding the physiology of Antarctic gymnosomes is an important 
first step for understanding their responses to a changing polar climate (e.g. Pörtner et 
al. 2007, Pörtner & Farrell 2008), and currently no studies have reported the 
physiological characteristics of either gymnosome species along the WAP where they 
may experience higher temperatures than their previously studied Ross Sea 
populations. 
In the Southern Ocean surrounding Antarctica there are only two gymnosomes, 
Spongiobranchaea australis (d'Orbigny 1836), common north of the Polar Front (PF), 
and Clione antarctica (Smith 1902), considered to be an exclusively Antarctic species 
(Hunt et al. 2008).  Similarly the thecosome Clio pyramidata, prey for its monophagous 
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predator S. australis, is also found predominantly inhabiting warmer transitional waters, 
while the thecosome Limacina helicina antarctica (L. antarctica), prey for its 
monophagous gymnosome predator C. antarctica, is also more commonly found 
inhabiting colder waters south of the PF (Lalli & Gilmer 1989, van der Spoel & Dadon 
1999, Hunt et al. 2008).   
Metabolism is strongly influenced by growth, reproduction, activity level, feeding 
rates, and resource utilization (Pörtner et al. 2007, Seibel & Drazen 2007).  Most 
gymnosomes swim continuously (Lalli & Gilmer 1989, Seibel et al. 2007), and while C. 
antarctica has only one swimming gait (Rosenthal et al. 2009), visual observations 
during the present study suggest that S. australis may have two.  Direct measurements 
of oxygen consumption rates have been made on a few species of gymnosomes 
(Conover & Lalli 1974, Ikeda 1985, Seibel & Dierssen 2003, Seibel et al. 2007, Maas et 
al. 2011a).  Maximal activities of key enzymes have traditionally been used as proxies 
for metabolic rate (Shapiro & Bobkova 1975, Torres & Somero 1988, Seibel et al. 2000, 
González et al. 2008), but have only been measured in wing muscle of C. antarctica 
(Dymowksa et al. 2012).   
The polar marine ecosystem is characterized by permanently low, stable 
temperatures (Clarke & Peck 1991), and a tradeoff for life adapted to permanently low 
temperatures is a decreased tolerance of changing temperatures (Clarke 1988, Somero 
2004, 2010, Peck et al. 2004, Cheng & Detrich 2007, Pörtner et al. 2007).  For the 
Antarctic gymnosome, C. antarctica, that lives permanently at temperatures near -
1.89°C over much of its range (Seibel et al. 2007), or the sub-Antarctic S. australis, 
temperature has considerable potential for influencing both their physiological condition 
and their distributional range (e.g. Roy et al. 1998, Astorga et al. 2003, Pörtner et al. 
2005).  Southern Ocean gymnosomes and thecosomes have therefore adapted 
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physiologically to live within narrow thermal ranges called “climate envelopes” as 
dictated by their habitat (Pearson & Dawson 2003, Seibel et al. 2007).   
The purpose of the present study was to assess the potential physiological 
constraints on gymnosome distributions along the WAP.  Specifically, we measured the 
oxygen consumption rates, atomic ratios of oxygen consumed to nitrogen excreted, 
ammonia excretion rates, proximate body compositions, Carbon/Hydrogen/Nitrogen 
ratios, and enzymatic activities of polar gymnosomes captured from a latitudinal gradient 
along the WAP.  No physiological study, other than details of lipid composition, currently 
exists in the literature for S. australis from anywhere around Antarctica (e.g. Phleger et 
al. 1999).  Measurements of the activities of key enzymes in intermediary metabolism 
are useful as proxies for whole animal metabolic rate and as indicators of anaerobic and 
aerobic potential.  Lactate dehydrogenase (LDH), malate dehydrogenase (MDH) and 
citrate synthase (CS), because of their essential roles in producing ATP (Childress & 
Somero 1979, Seibel & Drazen 2007), are especially useful indicators.  As S. australis 
and C. antarctica are reported to have dissimilar distributional ranges around Antarctica 
(Hunt et al. 2008), and because of the seasonal transition occurring during the time of 
the present study, we also explored the physiological characteristics of both 
gymnosomes in relation to the latitudinal gradient of this study’s sampling sites along the 
WAP.  In this exploration we postulated that there would be significant differences in 
gymnosome physiology given their dissimilar distributional ranges around Antarctica. 
3.3  Methods and Materials 
3.3.1  Gymnosome and Hydrographic Data Collection 
Gymnosomes were collected in MOCNESS (Multiple Opening and Closing Nets 
and Environmental Sampling System) trawls from March to May 2010 along a latitudinal 
gradient in WAP shelf waters from the Research Vessel Ice Breaker (R.V.I.B.) Nathaniel 
B. Palmer.  The cruise track ranged from Charcot Island in the south to Anvers Island in 
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the north (Fig. 3.1, sites 1-4).  A 10 m2 MOCNESS fitted with 3 mm mesh nets and 
capable of collecting vertically stratified samples was used for sample collection (MOC-
10; Wiebe et al. 1976, 1985, Donnelly & Torres 2008).  Vertically stratified sampling was 
performed within five discrete depth layers between 0-500 m.  The initial, or drogue net, 
trawled obliquely to 500 m with subsequent nets sampling 500-300 m (net 1), 300-200 m 
(net 2), 200-100 m (net 3), 100-50 m (net 4), and 50-0 m (net 5).  Towing speeds ranged 
from 1.5 to 2.5 knots.  Upon retrieval, contents of each MOC-10 net were emptied into 
19-liter buckets, and gymnosomes present in each bucket were removed, enumerated, 
and identified to species level.  Thirty-six trawls were made:  site 1 (11), site 2 (11), site 
3 (6), and site 4 (8).  Captured gymnosomes observed to be in good condition were 
placed in jars containing filtered seawater (0.45 μ) and acclimated to 0.5°C. 
The main goals of the field work required nearly exclusive use of the MOC-10 at 
each site.  However, at each of the 4 sites at least one 1 m2 MOCNESS (MOC-1) trawl 
was taken using nine, 333 μm mesh nets, primarily for archival purposes.  MOC-1 trawls 
confirmed that adult gymnosomes were present only in sites 1 to 4.  Additionally, no 
thecosomes were captured anywhere along the WAP during this study’s sampling period 
by either MOC-10 or MOC-1 trawls. 
Hydrographic data collection corresponded with trawling events along the WAP.  
Conductivity-temperature-depth (CTD) casts from the R.V.I.B. Nathaniel B. Palmer 
recorded hydrographic data to depths approximately 50 m from the bottom along the 
WAP.  Depth (pressure), temperature, and salinity (conductivity) data were post-
processed for the downcast only for each CTD observation.  Post-processing of data 
utilized SeaBird software (SBEDataProcessing-Win 32) and applied equations from 
UNESCO (1983).  Southern Ocean water masses were identified with the CTD 
observations using the seawater temperature and salinity guidelines from Smith et al. 
(1999): Antarctic Surface Water (AASW) temperatures -1.8 to 1.0°C with salinities 
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ranging from 33.0 to 33.7 PSU, Winter Water (WW) temperatures range down to -1.5°C 
with salinities ranging from 33.8 to 34.0 PSU, and UCDW temperatures 1.0 to 1.4°C with 
salinities ranging from 34.6 to 34.7 PSU. 
 
 
 
Figure 3.1  Western Antarctic Peninsula (WAP) with inset map denoting sampling area 
gymnosomes were sampled from for physiological determinations.  Black diamonds in 
sites 1 to 4 represent locations of the 10 m2 Multiple Opening and Closing Net and 
Environmental Sampling System (MOC-10) trawls.  Circulation of the Antarctic 
Circumpolar Current and sub-gyres at 400 to 200 m along the WAP are adapted from 
Smith et al. (1999b), and denoted by arrows. 
 
 
3.3.2  Respirometry (MO2) and Ammonia Excretion Measurements 
Gymnosomes were placed in 5 ml styrene syringes containing filtered (0.45 µm 
pore-size) seawater treated with Streptomycin and Neomycin (each 25 mg L-1).  Clark 
polarographic oxygen electrodes (Clark 1956) formed an airtight seal at the end of the 
syringe opposite the plunger, and care was taken to ensure no air bubbles were in the 
syringe (Ikeda et al. 2000, Kawall et al. 2001).  The chamber and electrode were kept 
submerged in a circulating water bath to maintain a temperature of 0.5°C.  Each 
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electrode was calibrated using air- and nitrogen-saturated seawater at experimental 
temperature (Childress 1971).  To control for possible consumption by microorganisms, 
a syringe containing only filtered and antibacterially treated seawater was measured for 
oxygen consumption.  Microbial oxygen consumption was negligible. 
Oxygen partial pressures (PO2) were continuously recorded using a computer-
controlled digital data-logging system (Donnelly et al. 2004).  Each oxygen probe was 
scanned once per minute, its signal averaged over a period of 1 second, and then 
recorded.  Data were reduced by first averaging the 30 recorded values in each 30 
minute increment of an entire 12-hour run, producing 24 30-minute points per run.  Data 
obtained during the first hour were discarded due to the activity of experimental 
gymnosomes immediately after being introduced into the syringe.  All 30 minute points 
were averaged to produce a mean rate for each gymnosome.  All experiments took 
place in the dark.  Respirometry runs were concluded when oxygen had been 
approximately 80% depleted.  After each run water samples were taken from each 
syringe for ammonium concentration analyses (ultimately yielding ammonia excretion 
rates), and gymnosomes were frozen at -80°C for enzyme assays to be conducted at the 
University of South Florida, College of Marine Science - Physiology Laboratory.  Mass-
specific oxygen consumption rate (MO2, μmol O2 g wet mass
-1 h-1) and mean mass-
specific ammonia excretion rate (MNH4, NH4 g wet mass
-1 hr-1) were used to calculate 
the atomic ratio of oxygen consumed to nitrogen excreted (O:N) for each species. 
3.3.3  Wet, Dry and Ash-free Dry Mass Measurements 
Wet mass was initially obtained for each whole gymnosome.  After gymnosomes 
were homogenized in deionized water with a glass tissue grinder, 50 μl aliquots of 
homogenate were dispensed into pre-combusted, pre-weighed crucibles and dried to a 
constant mass in a 60°C oven.  Water level (% wet mass) was calculated from the 
homogenate dry mass allowing for the volume added during homogenization (Donnelly 
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et al. 1990).  Ash content (% DM) was calculated following combustion of the dry mass 
in crucibles combusted at 500°C for 3-4 hours.  
3.3.4  Protein Analyses 
Protein concentrations were determined in 50 μl aliquots of uncentrifuged 
homogenate.  If not analyzed immediately, then each homogenate was air-evacuated 
using nitrogen, and placed in a -40°C freezer until protein analyses were conducted.  
Protein composition was measured per homogenate (gymnosome) using a bicinchoninic 
acid (BCA) Kit made by Thermo Scientific and adding the hydrolysis of proteins with 
NaOH from the method established in Lowry et al. (1951).  Absorbance was measured 
at 750nm using a CARY 1E UV/Visible spectrophotometer with data analysis software.  
Values were then compared to a standard curve created from BCA standards also 
subjected to acid hydrolysis with NaOH to obtain protein concentrations within 
homogenates.   
3.3.5  Lipid Analyses 
Lipid concentrations were determined from a 200 μl aliquot of homogenate taken 
prior to centrifugation using the methods of Torres et al. (1994).  Briefly, lipids were 
extracted using a methanol:chloroform:water extraction (2:1:0.8 by vol.), and filtered to 
remove particulates.  Samples were extracted overnight and the phases separated the 
following day by the addition of chloroform and water to reach the final solvent ratio 
(1:1:0.9 by vol.).  Concentrations were determined using the charring method of Marsh 
and Weinstein (1966) with stearic acid as a standard (Bligh & Dyer 1959, Marsh & 
Weinstein 1966, Reisenbichler & Bailey 1992).  Sample absorbance was measured at 
375nm using a CARY 1E UV/Visible spectrophotometer with data analysis software.  
Values were then compared to a standard curve created from stearic acid standards to 
obtain values for lipid concentrations within homogenates. 
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3.3.6  CHN Analyses 
Carbon/Hydrogen/Nitrogen (CHN) analyses for percent mass were done by the 
Marine Science Institute at the University of California at Santa Barbara.  Dried 
gymnosomes were analyzed using an Automated Organic Elemental Analyzer (Dumas 
combustion method) to yield simultaneous determinations of Carbon, Hydrogen, and 
Nitrogen. 
3.3.7  Enzyme Analyses 
Gymnosomes were thawed and homogenized by hand in 50 mM Imadazole/HCl 
buffer (pH 7.2 @ 20°C) using a ground glass homogenizer.  Homogenates were 
centrifuged at 4500 rpm for 10 minutes at 10°C.  Samples were then placed on ice and 
the supernatant was used within three hours to measure enzyme activities. Supernatant 
solution was drawn from beneath the lipid layers present on top of the samples.  
Substrate and cofactor concentrations yielding maximum reaction velocities were used 
in all assays.  Activities were measured at 10°C ± 0.2°C using a thermostatted CARY 1E 
UV/Visible spectrophotometer with data analysis software.  Enzyme activity was 
expressed in units (μmol substrate converted to product min-1) per gram wet tissue.  All 
enzyme assays were done with replicates and followed the procedure of Torres and 
Somero (1988) with slight modifications.  The modifications are as follows: 
The activity of LDH was measured by adding 20 μl of the supernatant to 1.0 ml of 
assay mixture consisting of 80 mM Imadazole buffer, 5.0 mM sodium pyruvate, and 0.15 
mM of NADH.  The reaction was followed by recording the decrease in absorbance at 
340 nm resulting from oxidation of NADH.  The slope of the initial portion of the tracing 
was used as the reaction rate. 
The activity of MDH was measured by adding 20 μl of the supernatant to 1.0 ml 
of assay mixture containing 40 mM Lesley’s special buffer (0.2 M Imadazole, 0.2 M 
MgCl2), 0.4 mM oxaloacetate, and 0.15 mM NADH.  The reaction was followed by 
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recording the decrease in absorbance at 340 nm resulting from oxidation of NADH.  The 
slope of the initial portion of the tracing was used as the reaction rate. 
The activity of CS was measured in an assay mixture containing 30 μl of the 
supernatant, 50 mM Imadazole, 0.4 mM 5,5-dithio-bis(2-nitrobezoic acid) (DTNB), and 
0.1 mM Acetyl-Coenzyme A.  The reaction was followed by recording the increase in 
absorbance at 412 nm due to the reaction of the reduced coenzyme-A liberated from the 
enzymatic reaction with DTNB.  The rate of absorbance increase was first recorded in 
the absence of oxaloacetate and then after addition of oxaloacetate to compute the true 
CS activity.  The blank (no oxaloacetate) was subtracted from the total activity to 
compute true CS activity. 
3.3.8  Statistical Analyses 
Statistical analyses were performed using the FATHOM toolbox (Jones 2012) in 
MATLAB (MathWorks Inc. 2010).   Analysis of covariance (ANCOVA) was used to test 
for relationships between biological data such as oxygen consumption, proximate 
composition or enzyme activities with regards to wet mass.  A distribution-free, 
permutation-based variant of MANOVA (NP-MANOVA; Anderson 2001) was also used 
to test for significant relationships between the explanatory variables such as site, 
temperature, salinity and species with the physiological indicators MO2, ammonia 
excretion rate, protein content, lipid content, water content, wet mass, dry mass, ash-
free dry mass, and enzyme activity.  NP-MANOVA was utilized because it removes the 
reliance on the assumptions of any one distributional model (Anderson 2001, McArdle & 
Anderson 2001).  To select for the most significantly relevant predictor or independent 
variable(s) explaining the variability in the physiological indicator(s) as indicated by NP-
MPMANOVA, hypothesis testing was done with stepwise forward selection of the 
explanatory variables in Redundancy Analysis (RDA) based on Akaike’s Information 
Criterion (AIC).  In RDA physiological indicators were transformed in some cases using 
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square root or fourth root transformations to find the most parsimonious subset of 
explanatory variable(s) to explain physiological indicators.  For assessing whether the 
means of the physiological indicators between species were significant from one 
another, a Student’s t-test was used.  Statistical significance for each method was set at 
P < 0.05 and evaluated with distribution-free randomization tests (n = 1000 iterations).   
3.4  Results 
3.4.1  Gymnosomes and Hydrographic Data  
Cruise-wide mean water depth of occurrence for S. australis as determined by 
net depth midpoint was 179 + 18 m, however this species was most often caught in the 
depth stratum 300 to 200 m, net 2 (NP-MANOVA: F = 8.22, P = 0.011).  The mean depth 
of capture at site 1 was 171 + 42 m, site 2 was 174 + 42 m, site 3 was 151 + 32 m, and 
site 4 was 209 + 33 m.  In contrast, the cruise-wide mean depth of occurrence was 135 
+ 9 m for C. antarctica, and this species was captured most often in the depth stratum 
200 to 100 m, net 3 (NP-MANOVA: F = 3.56, p = 0.004).  The mean depth of capture at 
site 1 was 100 + 29 m, site 2 was 137 + 9 m, site 3 trawls captured no C. antarctica, and 
in site 4 was 288 + 43 m.  The density of S. australis’, when expressed as gymnosomes 
captured per 104 m-3 of seawater filtered (Donnelly & Torres 2008) was significantly 
different between sites (NP-MANOVA: F = 2.85, P = 0.011, N = 220 Obs.), with the 
highest densities of this species occurring closer to the ACC.  Mean density of S. 
australis at site 1 was 0.17, site 2 - 0.29, site 3 - 0.40, and site 4 - 0.39 gymnosomes per 
104 m-3 of seawater filtered.  C. antarctica’s density was also significantly different 
between sites (NP-MANOVA: F = 3.80, P = 0.007, N = 220 Obs.), and its mean density 
at site 1 was 0.10, site 2 - 1.07, site 3 - 0.00, and site 4 - 0.07 gymnosomes per 104 m-3 
of seawater filtered. 
Hydrographic data revealed a consistent presence of UCDW in each of the sites, 
with the majority of the warmer UCDW detected in sites 3 and 4, or nearest to the PF 
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(Fig. 3.2).  Mean hydrographic data revealed a seawater profile in site 1 with AASW 
extending from the surface to 70 m, WW from 70 to 130 m, warmer transitional waters 
from 130 to 260 m, and UCDW from 260 to 500 m; site 2 with AASW from surface to 70 
m, WW from 70 to 110 m, warmer transitional waters from 110 to 220 m, and UCDW 
from 220 to 500 m; and site 3 and site 4 lacked the colder mid-depth waters.  Site 3 had 
AASW from the surface to 60 m, warmer transitional waters from 60 to 300 m, and 
UCDW from 300 to 500 m.  However a very small presence of WW from 40 to 60 m near 
66°S in site 3 was revealed in CTD cast data.  Site 4 had AASW from surface to 70 m, 
warmer transitional waters from 70 to 230 m, and UCDW from 230 to 500 m. 
 
 
 
 
Figure 3.2  Water masses and gymnosome depths.  Water masses identified for sites 1 
to 4, as determined by CTD casts, are illustrated by latitude and water depth (left y-axis).  
Water masses boundaries at depth are denoted by solid black lines.  Water masses 
labeled are: Antarctic Surface Water (AASW), Winter Water (WW), Transitional Water, 
and Upper Circumpolar Deep Water (UCDW).  Mixing is assumed to create the 
Transitional Water’s temperatures and salinities.  Mean depths of capture of 
gymnosomes per trawl by latitude are illustrated for Spongiobranchaea australis with 
open stars, and Clione antarctica double open circles.   
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3.4.2  Physiological Indicators in Gymnosomes 
According to the power equation MO2 = aM
b, where a is a normalization constant 
independent of mass, b is a scaling coefficient that describes the slope of the 
relationship and M is wet mass (Table 3.1), oxygen consumption rates ranged from 
3.95+1.89 μmol O2 g wet mass
-1 h-1 in S. australis (MO2 = 2.30M
-0.20), and 2.86+1.29 
μmol O2 g wet mass
-1 h-1 in C. antarctica (MO2 = 1.86M
-0.17).   Mean MO2 for C. antarctica 
was within the range reported in Seibel et al. (2007), and was significantly lower when 
compared to S. australis (NP-MANOVA: F = 6.09, P = 0.029, N = 55 Obs.).  However, 
the main difference between the gymnosome’s metabolic rates was likely due to a 
dissimilar range of wet masses between the species.  To determine if this were true, we 
used the scaling coefficient -0.25 (Seibel et al. 2007) as well as individually observed 
MO2 values and corresponding wet masses to calculate a new normalization constant for 
each respirometry run.  With the new normalization constant we then normalized MO2 
values to a common wet mass (0.1 g) and ran a t-test. Results revealed no significant 
differences between the metabolic rates of S. australis and C. antarctica (t = 1.87, P = 
0.068).  Analyses with ANCOVA showed no significant covariability between explanatory 
variables and response variables (with the exception of MNH4 and protein content in S. 
australis as discussed below), therefore reported values for physiological data in Table 
3.1 are reported per unit wet mass.  The mean O:N value for S. australis was 
61.26+18.68, indicating that the primary substrates being oxidized for energy were lipids.  
C. antarctica’s mean O:N value was 26.41+14.82 indicating that the primary substrates 
being oxidized in this species were a mixture of lipids and proteins.  In examining the 
ammonia excretion rates in S. australis, MNH4 decreased as its MO2 decreased (r
2 = 
0.67), whereas C. antarctica’s MNH4 decreased as MO2 increased (r
2 = 0.51).  S. 
australis demonstrated a significant covariate relationship between protein content (mg 
g-1) and MNH4 (ANCOVA: F = 5.31, P = 0.027, N = 9 Obs.).   
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Table 3.1  Metabolism, enzyme activities, and composition of Southern Ocean 
gymnosomes.  Values expressed as mean and standard deviation (±).    
 
 
 
Mean wet mass and dry masses in both species were somewhat similar, 
although S. australis had a lower mean wet mass.  S. australis had a mean protein 
composition similar to C. antarctica, roughly 2% of their wet mass, however, mean lipid 
composition of C. antarctica was significantly higher than in S. australis at approximately 
5% of its wet mass (NP-MANOVA: F = 9.68, P = 0.003, N = 65 Obs.).  Lipid and protein 
compositions in the two gymnosome species were consistent with CHN results reported 
in Table 3.1, percent water was nearly identical in both gymnosomes; between 93 and 
95% wet mass.   
Mean LDH activities ranged from a high of 1.03+0.78 units g-1 wet mass in S. 
australis to a low of 0.94+0.50 units g-1 wet mass in C. antarctica (Table 3.1).  Similar 
results were observed in mean MDH activities with S. australis ranging from a high of 
9.48+5.61 units g-1 wet mass, to a low of 5.06+1.74 units g-1 wet mass in C. antarctica 
(Table 3.1).  However, mean CS activities varied from a high of 0.56+0.23 units g-1 wet 
mass in C. antarctica to a low of 0.29+0.13 units g-1 wet mass in S. australis (Table 3.1).   
  
Gymnosome MO2 - µmol of O2 MNH4 - µmol of NH4 LDH MDH CS % 
Species g wet mass-1 hr-1 O:N g wet mass-1 hr-1 Activity Activity Activity Water
Spongiobranchaea
australis 3.95 + 1.89 61.26 + 18.68 0.10 + 0.10 1.03 + 0.78 9.48 + 5.61 0.29 + 0.13 96.45 + 0.02
n 25 11 11 17 17 17 9
Clione
 antarctica 2.86 + 1.29 26.41 + 14.82 0.21 + 0.09 0.94 + 0.50 5.06 + 1.74 0.56 + 0.23 92.07 + 0.07
n 27 10 10 11 11 11 8
Gymnosome % % Wet Dry Ash-free CHN Analysis
Species Protein Lipid Weight (g) Weight (mg) Dry Weight (mg) % Carbon % Hydrogen % Nitrogen C:N
Spongiobranchaea
australis 2.13 + 0.81 3.04 + 1.72 0.13 + 0.09 0.66 + 0.34 0.17 + 0.08 45.68 + 1.84 6.49 + 0.27 8.28 + 0.72 5.5:1
n 9 9 33 33 10 6 6 6 6
Clione
 antarctica 1.82 + 0.46 5.15 + 2.42 0.20 + 0.09 0.73 + 0.30 0.21 + 0.03 54.34 + 4.94 8.00 + 0.79 6.51 + 0.41 8.4:1
n 8 8 32 32 10 6 6 6 6
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3.4.2  Mass Relationships 
Mass-specific LDH activity (y, units g-1 wet mass) decreased with increasing 
mass in the gymnosome species examined, according to the power equation y=aXb (Fig. 
3.2a,b).  In this case, b values were negative and ranged from -2.1 in S. australis to -1.3 
in C. antarctica.  Mass-specific MDH and CS activity (y, units g-1 wet mass) also 
decreased with increasing mass in both species.  In regards to MDH activity, b values 
were negative and ranged from -1.8 in S. australis to -1.5 in C. antarctica (Fig. 3.3a,b).  
CS activity b values were approximately -1.3 for both species (Fig. 3.3a,b).  
3.4.3  Local Distribution Observations 
Ammonia excretion rates and O:N values observed in S. australis showed 
significant variability between sampling sites.  MNH4 in S. australis was found to 
significantly increase at higher latitudes with the highest mean value of 0.17 μmol NH4 g 
wet mass-1 h-1 in site 2, and significantly different from the mean value of 0.06 NH4 g wet 
mass-1 h-1 in site 3 (NP-MANOVA: F = 5.77, P = 0.004, N = 10 Obs.).  When MNH4 was 
expressed on a protein-specific basis (μmol NH4 mg protein
-1 hr-1) the trend remained 
significant (NP-MANOVA: F = 5.31, P = 0.027, N = 9 Obs.).  An associated significant 
decrease in O:N was also observed with increasing latitude, explaining approximately 
63% of the variability in O:N values in S. australis (RDA: F = 15.25, P = 0.010), as lipid 
oxidation was lowest at site 2 with a mean O:N of 56 compared to a mean O:N of 122 in 
site 3.  The decrease in lipid oxidation with latitude suggested a small increase in protein 
oxidation in higher latitudes, as trends with latitude were most evident between sites 2 
and 3.  
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a) 
 
 
 
 
b) 
 
 
Figure 3.3  Lactate dehydrogenase, malate dehydrogenase and citrate synthase 
activities in a) Spongiobranchaea australis and b) Clione antarctica as a function of total 
wet mass.  Number of samples per species are reported in Table 3.1. 
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3.5  Discussion 
The energetic demands of polar organisms drive selection for high metabolic 
efficiency (Seibel et al. 2007).  The sub-Antarctic habitat of S. australis, a region of 
higher temperature and temperature variability influences than the Antarctic, causes an 
increase in its energetic costs (Pörtner et al. 2005, 2006), and therefore increased 
metabolism.  The mean MO2 value found for S. australis is higher than many other 
gelatinous zooplankton of equivalent size (e.g. polychaetes and chaetognaths ranging 
from 0.01 to 1.0 g as reviewed in Seibel & Drazen 2007).  Comparing pteropod oxygen 
consumption rates from the Southern Ocean to the Eastern Tropical Pacific to the 
Atlantic Ocean, S. australis has a similar metabolic rate to C. antarctica (Table 3.2; 
results above).  As reviewed in Hunt et al. (2008) S. australis is found most commonly 
north of the PF, and it’s reported distributions around Antarctica also indicate it is found 
axially within the ACC.  Within the ACC and near the WAP, S. australis experiences an 
annual water temperature range of 0 to 4°C, from sea surface to depth (Gordon et al. 
1986).  C. antarctica’s mean MO2 value was slightly elevated when compared to MO2 
values reported from other Antarctic regions at experimental temperatures ranging from 
approximately -2 to 2°C (Fig. 5, Table 3.2).  Given the local distribution of C. antarctica 
reviewed in Hunt et al. (2008), this gymnosome likely experiences annual water 
temperatures from sea surface to depth of about -2 to 2°C along the WAP (Gordon et al. 
1986), temperature ranges utilized in respirometry studies and compared in Table 3.2.  
Table 3.2 demonstrates MO2 values among species once corrected for mass, but only 
reports those values from published power equations describing metabolic rates.    
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Note: “No Equation Published” refers to no published MO2 equation for mass normalization. 
 
 
 
  
Table 3.2  Comparisons of pteropod oxygen consumption rates.  Mass-specific oxygen consumption rate is MO2 (μmol O2 g wet mass
-1 h-1).
Temperature coefficient (Q10) represents the factor by which the rate (R) of a reaction increases for every 10°C rise in the temperature (T),
according the the equation: Q10 = (R2/R1) (^10/(T2-T1)).  This yields each study's MO2 at T2 (0.5°C) for comparison to the present study's MO2.
Gymnosomes MO2 (R1) Location
Temperature 
(°C) or T1 Q10
Adjusted MO2 
(@ 0.5°C) or R2
Normalized 
to 0.1g Reference
Spongiobranchaea 
australis
3.95±1.89
Western Antarctic 
Peninsula
0.5 -- 3.95 3.65 The present study
Clione antarctica 2.86±1.29
Western Antarctic 
Peninsula
0.5 -- 2.86 2.75 The present study
1.93±0.21 McMurdo Sound -1.86 2 2.27 0.82 Seibel & Dierssen 2003 (Years 1998-1999)
2.04±0.12 McMurdo Sound -1.86 2 2.40 0.82 Seibel & Dierssen 2003 (Year 2000-2001)
2.83±0.18
Ross Island, 
Antarctica
2 2 2.55 2.55 Seibel et al. 2007
Clione limacina 1.36±0.16 Newfoundland 5 2 1.00 1.56 Seibel et al. 2007
1.95±0.15 Newfoundland 10 2 1.01 2.25 Seibel et al. 2007
1.93±0.68
Ross Island, 
Antarctica
-2 2 2.30 1.23 Maas et al. 2011a (Year 1999)
2.04±0.65
Ross Island, 
Antarctica
-2 2 2.43 1.23 Maas et al. 2011a (Year 2001)
1.00±0.28
Ross Island, 
Antarctica
-2 2 1.19 1.23 Maas et al. 2011a (Year 2002)
1.11±0.23
Ross Island, 
Antarctica
-2 2 1.32
No Equation 
Published
Maas et al. 2011a (Year 2007)
1.20±0.46
Ross Island, 
Antarctica
-2 2 1.42
No Equation 
Published
Maas et al. 2011a (Year 2008)
1.62±0.72
Ross Island, 
Antarctica
2 2 1.46
No Equation 
Published
Maas et al. 2011a (Year 2008)
Thecosomes
Hyalocylis striata 7.31±3.64
Eastern Tropical 
Pacific
20 2 1.89 1.32 Maas et al. 2011b
Creseis virgula 7.75±4.17
Eastern Tropical 
Pacific
20 2 2.01 1.42 Maas et al. 2011b
Clio pyramidata 9.96±4.80
Eastern Tropical 
Pacific
20 2 2.58 1.42 Maas et al. 2011b
Cavolinia 
longirostris
12.29±7.6
0
Eastern Tropical 
Pacific
20 2 3.18 1.29 Maas et al. 2011b
Diacria 
quadridentata
10.62±5.6
3
Eastern Tropical 
Pacific
20 2 2.75 2.28 Maas et al. 2011b
Cavolinia 
tridentata
10.99±3.2
3
Gulf of California 18 2 3.27
No Equation 
Published
Seibel et al. 2007
Corolla spp. 0.23±0.11 Monterey, California 5 2 0.17
No Equation 
Published
Seibel et al. 2007
0.58 Gulf of California 18 2 0.17
No Equation 
Published
Seibel et al. 2007
Limacina helicina 5.51±0.4 McMurdo Sound -1.86 2 6.49
No Equation 
Published
Seibel & Dierssen 2003 (Years 1998-1999)
3.78±0.20 McMurdo Sound -1.86 2 4.45
No Equation 
Published
Seibel & Dierssen 2003 (Years 2000-2001)
5.51±0.44
Ross Island, 
Antarctica
-2 2 6.55
No Equation 
Published
Seibel et al. 2007
6.37±0.87 Monterey California 5 2 4.66
No Equation 
Published
Seibel et al. 2007
5.51±1.53
Ross Island, 
Antarctica
-2 2 6.55
No Equation 
Published
Maas et al. 2011a (Year 1999)
3.78±0.73
Ross Island, 
Antarctica
-2 2 4.50
No Equation 
Published
Maas et al. 2011a (Year 2001)
4.00±1.13
Ross Island, 
Antarctica
-2 2 4.76 2.41 Maas et al. 2011a (Year 2007)
3.37±0.89
Ross Island, 
Antarctica
-2 2 4.01 1.49 Maas et al. 2011a (Year 2008)
4.30±1.11
Ross Island, 
Antarctica
2 2 3.88 1.49 Maas et al. 2011a (Year 2008)
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Austral fall mean lipid content of S. australis was similar to that reported for the 
Austral summer study of Phleger et al. (1999), approximately 3% of wet mass, indicating 
minimal lipid storage in this sub-Antarctic gymnosome.  In polar gymnosomes, lipid 
stores are often used for overwintering and/or when food becomes scarce in their natural 
habitat (Kattner et al. 1998, Phleger et al. 1997, 1998, 1999, 2001, Böer et al. 2005).  
The present study’s observed mean lipid content in C. antarctica was greater than found 
in the Austral summer study of Phleger et al. (2001) and equal to the 5% of wet mass 
required for overwintering in Antarctica (Seibel & Dierssen 2003).  The 5% mean lipid 
composition and O:N mean ratio of 26.41+14.82 in C. antarctica indicating a mixture of 
protein and lipid catabolism, were both consistent with physiological preparations for 
seasonal overwintering. 
A reduction in organismal metabolism is observed during Austral Winter, and the 
onset of starvation leads primarily to catabolism of high energy lipids (e.g. Brockington & 
Clarke 2001).  Concurrently, the metabolic response for some polar gymnosomes to 
food deprivation or other depressive ecological influence, is to reduce MO2 and MNH4, 
thereby reducing the energy required for survival (Seibel & Drazen 2007).  As revealed 
in other organisms, if starvation continues after available lipid reserves are combusted, 
the cells in the body begin to break down muscle protein, and MNH4 increases to keep 
ammonia concentrations below toxic levels (Castellini & Rea 1992, Caloin 2004, McCue 
2010).  This occurs when protein is the last remaining fuel source available in the body 
to combust for the ATP necessary to maintain fundamental physiological functions 
(McCue 2010 and references therein).  According to Mommsen et al. (1980), the 
sockeye salmon (Oncorhynchns nerka) demonstrates a progressive change in substrate 
oxidation during prolonged starvation when migrating upriver, first catabolizing primarily 
lipids and then progressively changing to catabolism of proteins at a critical threshold.   
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The reported values for MO2, MNH4 and O:N (indicating primarily lipid 
catabolism) in S. australis as well as the distinct absence of thecosomes in trawling 
events along the WAP, are altogether indicative of reduced feeding rates and changing 
resource utilization in this species as exhibited in other Southern Ocean pteropods (e.g. 
Seibel & Dierssen 2003).  The observed latitudinal trends of these physiological 
indicators measured in S. australis are thought to reveal prolonged starvation of this 
species the further it was captured from the ACC and sites 3 and 4.  Moreover, if S. 
australis is undergoing starvation, its standard metabolism may be higher than presently 
reported.  The present study’s observed MO2, MNH4 and O:N values indicating a mixture 
of protein and lipid catabolism for C. antarctica revealed normal physiological 
conditioning for this species within its natural Antarctic marine habitat along the WAP in 
the Austral fall.  This observation was supported when comparing the present study’s 
MO2 values to the predicted MO2 values using this study’s wet mass values and the 
power equation for fed C. antarctica at -2.0°C (MO2 = 0.84M
-0.29) and 2.0°C (MO2 = 
1.50M-0.25) reported in Seibel et al. (2007), as well as for food deprived C. antarctica at -
1.86°C (MO2 = 0.43M
-0.28) reported in Seibel and Dierssen (2003; Fig. 3.4).  The MO2 
values in Figure 3.4 are based on a Q10 of 2.5 per Seibel et al. (2007) to adjust for 
differences in experimental temperatures, and we find that the range of MO2 values 
observed in C. antarctica for the present study are most closely associated with fed MO2 
values for C. antarctica in the Ross Sea (Seibel & Dierssen 2003, Seibel et al. 2007).  S. 
australis is included in Figure 3.4 for comparison as well. 
  
 
 
67 
 
 
 
Figure 3.4  Comparisons of observed and predicted MO2 for C. antarctica based on a 
Q10 of 2.5 and adjusted to 0.5°C.  S. australis is included for comparison.  Using the 
range of wet mass observed in the Austral Fall 2010, and the power equations from 
Seibel et al. (2007) and Seibel et al. (2003) to predict MO2, the present study’s MO2 
values observed for C. antarctica indicated normal physiological conditioning.  The 
“Power” equations displayed represents the MO2 equation for gymnosomes in the 
present study. 
 
 
Spongiobranchaea australis is likely being advected from the ACC, entrained in 
the Antarctic Coastal Current, and with mesoscale water mass circulation transported 
into higher latitudes along the WAP (Fig. 3.1).  S. australis densities were observed to be 
highest in sites most influenced by waters advected from the ACC, sites 3 and 4.  The 
ACC water mass circulation has changed significantly over the last 40 years, increasing 
warmer UCDW intrusions onto the WAP shelf and predominantly in deep water trenches 
near Lavoisier and Anvers Islands, sites 3 and 4, respectively (Martinson et al. 2008, 
Dinniman et al. 2012, Martinson 2012).  In contrast, C. antarctica was most abundant in 
sites furthest from the ACC.  If S. australis is being advected further from its preferred 
habitat, it is likely responding physiologically to survive at higher latitudes without access 
to C. pyramidata, its sole prey item. 
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WAP water mass circulation is influenced by a large cyclonic gyre bound 
between the ACC and Antarctic continent within the warming Bellingshausen Sea 
(Vaughan et al. 2003, Hofmann et al. 1996, Smith et al. 1999).  Within this large cyclonic 
gyre are two cyclonic sub-gyres that circulate the majority of UCDW from the ACC onto 
the WAP shelf at depth around Lavoisier and Anvers Islands and then southward into 
higher latitudes along the coast (Klinck et al. 2004, Smith et al. 1999, Shevenell & 
Kennett 2002, Martinson et al. 2008).  This results in a latitudinal temperature gradient 
with warmer waters in this study’s more northern sites which then transition to colder 
waters in more southern sites (Fig. 3.2).  Since the 1970s UCDW upwelling has 
increased along the WAP, and is expected to increase over the remainder of this century 
(Dinniman et al. 2012).  Increased UCDW upwelling from the ACC is correlated to a 
consistent decrease in annual sea ice extent, as well as a southward ecological shift of 
important WAP marine species along the WAP (Fraser et al. 1992, Trivelpiece & Fraser 
1996, Rott et al. 1996, Smith et al. 1998, Moline et al. 2004, Ducklow et al. 2007, 
Lawson et al. 2008, McClintock et al. 2008, Moline et al. 2008, Convey et al. 2009, 
Martinson 2012).  The changing WAP circulation is the result of a persistent hole in the 
ozone layer above Antarctica and concurrent increases in greenhouse gases that have 
caused a 20% increase in westerly wind strength since the 1970s, therefore increasing 
intrusions of UCDW onto the WAP (Shindell & Schmidt 2004, Schiermeier 2009, Turner 
et al. 2009, Trathan et al. 2011, Dinniman et al. 2012).   
3.6  Conclusion 
The present study provided physiological insights into the sub-Antarctic 
gymnosome S. australis, as well as the true Antarctic gymnosome C. antarctica as they 
were captured along the WAP during the Austral Fall.  S. australis’ local distributions 
revealed that its densities are highest in sampling sites most influenced by water mass 
advection from the ACC.  Physiological indicators in S. australis also revealed a 
 
 
69 
 
latitudinal gradient of O:N values and ammonia excretion rates, which suggested that 
this sub-Antarctic species was starving along the WAP.  This conclusion was also 
supported by the observed absence of thecosomes in all trawling events along the WAP 
(Parker et al. 2012).  Advection of water masses from the ACC is thought to be 
transporting S. australis onto the WAP shelf and away from its sub-Antarctic habitat.  As 
S. australis moves onto the WAP shelf it survives in the absence of food by first 
combusting lipids for ATP production to maintain essential physiological functions, and 
then in higher latitudes, it shifts to protein-derived gluconeogenesis.  As protein is a fuel 
of last resort for producing ATP after available lipids stores have been necessarily 
depleted, S. australis is thought to be experiencing prolonged starvation as it is carried 
further from the ACC and into higher latitudes by the Antarctic Coastal Current.  With 
projected circulation changes along the WAP, S. australis may likely become more 
abundant in regions most influenced by water mass advection from the ACC. 
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4.  Effects of circulation changes and ocean acidification-related pteropod 
mortality on meso-scale variations in trophodynamics along the western Antarctic 
Peninsula 
4.1 Abstract 
Although there has been some research on how individual changes in the 
western Antarctic Peninsula’s water circulation may influence primary productivity as 
well as on changes in carbonate chemistry leading to thecosomatous pteropod shell 
dissolution, the possible additive, synergistic or antagonistic interaction effects with 
future changes in circulation in this region and ocean acidification have rarely been 
studied together.  In the present study we predicted changes that may occur to primary 
productivity and ocean acidification-related reductions in thecosome productivity, 
individually and together, using a series of linear forcing function scenarios in an 
Ecopath with Ecosim model to anticipate effects to the marine ecosystem and biological 
responses from present day to the year 2050.  We focused on predicting changes in 
primary production that may drive alterations to the entire western Antarctic Peninsula’s 
marine ecosystem, including biomass and other ecosystem characteristics such as 
diversity and trophic indices.  Biomass is predicted to generally decline in response to 
effects of co-occurring forcing-functions and often to a greater degree than would have 
been predicted based on individual scenarios, indicating possible synergistic dynamics 
in the ecosystem.  Winners that emerged in climate change scenarios corresponded to 
predicted ecosystem shifts, such as from ice algae to cryptophyte-dominated blooms, as 
well as inverse relationships in krill and salp dominance.  Pteropods, historically included 
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in general groups within Ecopath with Ecosim models, when considered as individual 
species in the present study, demonstrated significant influences to the marine 
ecosystem, particularly in ocean-acidification scenarios. 
4.2  Introduction 
The western Antarctic Peninsula (WAP) region is warming faster than anywhere 
else in the world (Meredith & King, 2005).  For example, Bellingshausen Sea seawater 
temperatures have increased 5-6°C over the past 50 years (Vaughan et al. 2003).  With 
the transition from the Austral Winter to Austral Spring, a seasonal hole in the ozone 
layer above Antarctica has altered the heat budget, resulting in intensification of westerly 
winds around the continent (Shindell & Schmidt 2004, Schiermeier 2009, Turner et al. 
2009).  Westerly winds have intensified by 20% since the 1970s (Trathan et al. 2011), 
strengthening deep seawater advection from the Antarctic Circumpolar Current (ACC) 
and upwelling warmer sub-Antarctic water masses, such as Circumpolar Deep Water 
(CDW) from the Polar Front (PF), onto WAP continental shelves at depth (Klinck et al. 
2004, Martinson et al. 2008, Dinniman et al. 2012).  Deeper waters from the ACC are 
warming faster than the mean rate calculated for the global ocean (Levitus et al. 2000, 
2005, Barnett et al. 2005), and CDW upwelling has steadily warmed waters between 200 
and 400 m (Smith et al. 1999a).   
Consequently, water mass circulation is changing along the WAP, resulting in a 
significant decline in sea-ice cover, as ice pack forms later and retreats earlier each year 
(Zwally et al. 2002, Parkinson et al. 2002, Klinck et al. 2004, Martinson et al. 2008).  
Although WAP warming is largely atmospherically driven, CDW advected from the 
Antarctic Circumpolar Current (ACC) warms the waters along the peninsula, as episodic 
intrusions of CDW upwell onto the continental shelf (Smith et al. 1999b, Martinson et al. 
2012).  The intrusions of these warmer waters mix with colder coastal waters (e.g. 
Antarctic Surface Water (AASW) and Winter Water (WW) mixing with the CDW) 
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profoundly influencing marine species compositions, and determining the pelagic 
community, both vertebrate and invertebrate (Donnelly & Torres 2008, McClintock et al. 
2008, Parker et al. 2011, Cullins et al. 2011).  Increases in CDW upwelling are 
correlated to a steady rate of ice mass loss over the last two decades, creating a 40% 
reduction in the annual mean sea-ice extent (Smith et al. 1998a, Smith & Stammerjohn 
2001, Zwally et al. 2002, Parkinson 2002, Klinck et al. 2004, Martinson et al. 2008, 
Martinson 2012).  As the life cycle of many WAP marine organisms depend on the 
Antarctic sea ice and/or its characteristically low, stable water temperatures (e.g. Loeb et 
al. 1997, Clarke 1998, Smith et al. 1998a, Atkinson et al. 2004, Seibel et al. 2007, La 
Mesa & Eastman 2012), these seawater circulation changes are likely to alter the marine 
ecosystem. 
Rapid temperature changes along the WAP are postulated to have a net 
negative impact on the Southern Ocean’s marine ecosystem over the next century, 
changing trophodynamics as population distributions shift southward, because 
temperature dictates organismal adaptation to its environment, therefore geographical 
extent (Fraser et al. 1992, Rott et al. 1996, Trivelpiece & Fraser 1996, Roy et al. 1998, 
Smith et al. 1998a, van der Spoel et al. 1999, Atkinson et al. 2004, Moline et al. 2004, 
Barnes et al. 2006, McClintock et al. 2008, Moline et al. 2008, Pörtner 2008, Convey et 
al. 2009, Montes-Hugo et al. 2009, Murphy et al. 2013).  Southward shifts have been 
observed in krill (Lawson et al. 2008), krill’s keystone notothenoid predator 
Pleuragramma antarcticum (Ducklow et al. 2007, La Mesa & Eastman 2012, Parker 
2012), the diet and habitat of one of P. antarcticum’s predators the Adélie penguin 
(Ducklow et al. 2007), and the foundation of the food web, the plankton (Montes-Hugo et 
al. 2009, Moline et al. 2004, 2008, Schofield et al. 2010).  The regional warming has also 
increased the abundances of ice-intolerant shallow-water sponges and deeper water 
(200 to 400 m) bryozoans (Barnes et al. 2006, ASOC 2008).  Trophic associations in 
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Antarctica frequently involve a small number of species, and southward shifts of colder 
water taxa would diminish the range over which they are biologically productive along 
the WAP.  A change in the distributional range of even a single species could alter WAP 
trophodynamics (e.g. Smith et al. 1999a).   
In addition to regional warming, increasing concentrations of atmospheric carbon 
dioxide (CO2) over the next century will increase surface seawater’s inorganic carbon 
(DIC) concentration by more than 12% (Brewer 1997, Kleypas et al. 2006).  That 
increase would equate to a 60% decrease in carbonate ion concentration (Feely et al. 
2004), as the oceans act as a sink to balance atmospheric concentrations of CO2 from 
the burning of fossil fuels (Broecker 1977, 1979, Sabine et al. 2004, Orr et al. 2005).  
Increasing surface seawater CO2 concentrations are lowering ambient pH in a 
phenomenon known as “ocean acidification” (Caldeira & Wickett 2003, Kleypas et al. 
2006, Doney et al. 2009).  Since the mid-1800s global surface waters have dropped by 
0.1 pH units, mostly over the last 30 to 40 years.  This change represents a 30% 
increase in hydrogen ions, and under the IPCC (2007) scenarios, pH of surface 
seawaters are expected to drop another 0.4 pH units by 2100 (Houghton et al. 2001, Orr 
et al. 2005, Kleypas et al. 2006).  That drop equates to a 100 to 150% increase in 
hydrogen ions, decreasing the biogenically available carbonate ions by 50%.  Carbonate 
ions are utilized by marine organisms that precipitate biogenic calcium carbonate 
(Riebesell et al. 2000, Zondervan et al. 2001, Seibel et al. 2007, Fabry et al. 2008, 
Guinotte & Fabry 2008).  Such dramatic changes in the CO2 system in ocean surface 
waters have likely not occurred in the last 20 million years of Earth’s history (Feely et al. 
2004, Kump et al. 2009).  How ocean acidification will affect polar species that 
precipitate biogenic calcium carbonate, such as the pteropods (Class Gastropoda: 
Mollusca), depends in part on the rate at which carbonate under-saturation in seawater 
 
 
82 
 
proceeds and thus different ocean acidification scenarios have been suggested (Feely et 
al. 2004, Orr et al. 2005, McNeil & Matear 2008, Gangstø et al. 2011). 
Pteropods are food for zooplankton (e.g. chaetognaths, krill and heteropods), 
fish, whales, seals, and birds, as well as predators of copepods, other pteropods, 
diatoms, dinoflagellates, sillicoflagellates, tintinnids, foraminiferans, polycheates, and 
coccolithophorids, thus pteropods are an important component of WAP trophodynamics 
(Meisenheimer 1905, Lebour 1932, Dunbar 1942, LeBrasseur 1966, Hopkins 1985a,b, 
Hopkins & Torres 1989, Lalli & Gilmer 1989, Hunt et al. 2008, Karnovsky et al. 2008).  
Pteropods are functionally important components of the polar marine ecosystem 
because their grazing activities have the potential to influence phytoplankton stocks, 
carbon fluctuations, and dimethyl sulfide levels that, in turn, affect climate through 
ocean-atmosphere feedback loops (Hopkins 1987, Levasseur et al. 1994, Noji et al. 
1997, Seibel & Dierssen 2003, Hunt et al. 2008).   
Pteropoda are a circumglobal clade of invertebrates with greater abundances in 
colder, temperate and polar waters (Lalli and Gilmer, 1989).  Studies using a variety of 
sampling methods suggest that pteropods are widely distributed within the Southern 
Ocean (Boysen-Ennen & Piatkowski 1988, Hopkins & Torres 1989, Foster 1989, Knox et 
al. 1996, Hunt et al. 2008).  Around Antarctica the thecosome (shelled pteropod), Clio 
pyramidata, and its monophagous gymnosome (shell-less pteropod) predator, 
Spongiobranchaea australis, are found predominantly inhabiting warmer waters north of 
the PF, while the thecosome, Limacina helicina antarctica (L. antarctica), and its 
monophagous gymnosome predator, Clione antarctica, are more commonly found 
inhabiting colder waters south of the PF (Lalli & Gilmer 1989, van der Spoel & Dadon 
1999, Hunt et al. 2008).   
One method of investigating the possible effects of additive, synergistic or 
antagonistic interactions of projected WAP circulation changes and ocean acidification 
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scenarios, as well as producing testable hypotheses of likely ecosystem responses, is 
through the use of marine ecosystem models (Fabry et al. 2008, Doney et al. 2009, 
Blackford 2010, Griffith et al. 2011).  Such models can be utilized to simulate changes in 
productivity of functional groups in response to environmental changes, thereby testing 
effects of climate change on the food web.  One method of modelling to accomplish this 
is with the Ecopath with Ecosim (EwE) model (e.g. Hoover 2009).  EwE works by 
aggregating species into functional groups for computation efficiency, and assumes 
dependence between predators and prey, as well as competition between two or more 
predators for a common, limiting food resource.  Representations of predator–prey 
interactions within an EwE model allows the prediction of trophodynamic changes within 
each functional group as well as the dynamic of the whole ecosystem when changes, 
such as climate change scenarios, are applied to any one of the functional groups 
represented.  For instance, fluid dynamic models have also been developed to translate 
westerly wind intensification, increased UCDW upwelling and sea ice loss into changes 
to primary production with various future circulation scenarios (e.g. Dinniman et al. 
2012), which can then be applied in an EwE model.  The need to better understand the 
individual and cumulative effects in the WAP marine ecosystem, when considering 
issues of environmental change, may be crucial to krill fisheries management and future 
environmental policy decisions.  EwE is a powerful ecological modelling program with 
the ability to provide guidance for fisheries management and climate change policy 
legislation, as it details the complexity of interactions between WAP marine organisms, 
effects to populations, and biological responses to environmental changes.  The present 
EwE model was created from Erfan & Pitcher (2005) and primarily Hoover (2009) to test 
several environmental change scenarios that include changes to WAP circulation, 
effects of ocean acidification on pteropods, and impacts of co-occurring scenarios on the 
marine ecosystem.  In previous Antarctic EwE models pteropods as a collective 
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functional group or pteropods species as individual functional groups have been 
amalgamated into a single, multi-species functional group (e.g. zooplankton; Calbet et 
al. 2005, Erfan & Pitcher 2005, Hoover 2009, Pinkerton & Bradford-Grieve 2010).  
Results of individual and cumulative effects from these scenarios are presented as 
changes in trophic level (TL), biodiversity and biomass when compared to a reference 
ecosystem model. 
4.3  Methods 
The current EwE model considers Sub-area 48.1 the WAP, a survey area 
defined by Food and Agriculture Organization of the United Nations (FAO) and adopted 
by the Commission for the Conservation of Antarctic Marine Living Resources 
(CCAMLR; Fig. 4.1).  Functional groups included individual species, integrated 
developmental stages of a species (krill), as well as a group of several species, following 
Hoover (2009; Table 4.1).  Groups of several species are detailed in Table 4.2.  Antarctic 
gymnosomes and their thecosome prey were appended as individual functional groups 
rather than amassed within micro-/macro-zooplankton groups as reported in other WAP 
EwE models.  Sixty-three functional groups were identified in total, ranging from plankton 
to pinnipeds and whales.  
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Figure 4.1  Conservation of Antarctic Marine Living Resources (CCAMLR) Sub-areas, 
with CCAMLR Sub-area 48.1 along the western Antarctic Peninsula indicated within blue 
circle (adapted from fao.org). 
 
 
To create a balanced WAP EwE model, each functional group’s initial average 
values for biomass (B), production (P/B), consumption (QB) and diet were adjusted to 
values within an acceptable range according to available literature (Table 4.3).  Diet 
composition data obtained from the literature were organized in Ecopath to indicate the 
proportion of items contributing to the diet of each functional group (Table 4.4).  Diet 
compositions in Table 4.4 have predators represented by columns and their prey by 
rows.  Diet compositions of each column sum to 1.00 (or 100%) of the predator’s diet, 
therefore each row in a given predator’s column represents the proportion each prey 
item contributes to their diet. 
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Functional Group TL B PB QB EE PQ 
Killer Whales 4.554 0.001 0.050 11.000 0.000 0.005 
Leopard Seal 4.092 0.039 0.120 3.500 0.235 0.034 
Ross Seal 4.117 0.004 0.280 12.000 0.767 0.023 
Weddell Seal 3.971 0.036 0.170 13.880 0.622 0.012 
Crabeater Seal 3.393 0.281 0.090 15.860 0.460 0.006 
Antarctic Fur Seals 3.668 0.028 0.175 25.000 0.897 0.007 
Southern Elephant Seals 4.258 0.006 0.250 10.370 0.843 0.024 
Sperm whales 4.226 0.005 0.034 7.330 0.000 0.005 
Blue Whales 3.371 0.001 0.032 3.530 0.683 0.009 
Fin Whales 3.305 0.003 0.035 4.120 0.524 0.008 
Minke whales 3.256 0.065 0.064 6.340 0.910 0.010 
Humpback whales 3.380 0.020 0.040 4.120 0.963 0.010 
Emperor penguins 3.841 0.005 0.150 28.690 0.910 0.005 
Gentoo Penguins 3.951 0.007 0.250 29.000 0.908 0.009 
Chinstrap Penguins 3.936 0.005 0.330 34.000 0.906 0.010 
Macaroni Penguin 3.645 0.014 0.300 30.000 0.701 0.010 
Adélie Penguins 3.483 0.034 0.290 30.000 0.996 0.010 
Flying birds 3.701 0.190 0.360 14.880 0.950 0.024 
Cephalopods 3.418 2.490 0.950 2.000 0.672 0.475 
Other Icefish 3.709 0.337 0.380 1.570 0.754 0.242 
Toothfish 4.255 0.046 0.165 0.770 0.627 0.214 
Large Nototheniidae 3.222 0.590 0.370 1.950 0.523 0.190 
Small Nototheniidae 3.393 0.341 0.650 2.200 0.911 0.295 
Shallow Demersals 3.497 0.031 0.750 4.125 0.400 0.182 
Deep demersals Large 3.705 0.042 0.290 2.180 0.856 0.133 
Deep demersals Small 3.726 0.080 0.650 2.700 0.863 0.241 
Myctophids 3.259 0.185 1.350 3.730 0.898 0.362 
Other Pelagics 3.733 0.490 0.550 2.020 0.825 0.272 
Champsocephalus 
gunnari 3.365 0.290 0.480 1.800 0.520 0.267 
Pleuragramma 
antarcticum 3.223 1.250 1.100 3.550 0.656 0.310 
Notothenia gibberifrons 3.261 0.810 0.410 1.550 0.669 0.265 
Mollusca 2.130 9.500 0.639 2.556 0.526 0.250 
Salps 2.504 2.000 3.000 12.000 0.263 0.250 
Urochordata 2.130 5.050 0.234 1.000 0.554 0.234 
Porifera 2.000 12.719 0.159 0.795 0.815 0.200 
       
Table 4.1  Balanced WAP Ecopath model parameters. 
Biomass (B) is described in t km-2 yr-1, PB (Production/Biomass ratio) and QB 
(Consumption/Biomass ratio) are described y−1.  Ecotrophic Efficiency (EE) and 
Production/Consumption (PQ) ratios are dimensionless.  TL is trophic level.  
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Functional Group TL B PB QB EE PQ 
Hemichordata 2.000 0.045 0.375 2.000 0.534 0.188 
Brachiopoda 2.320 0.028 0.898 4.500 0.590 0.200 
Bryozoa 2.150 0.491 0.475 1.750 0.950 0.271 
Cnidaria 2.959 1.531 0.250 1.000 0.979 0.250 
Arthropod Crustacea 2.533 3.613 1.050 4.200 0.826 0.250 
Arthropod Other 2.951 1.010 0.616 3.326 0.964 0.185 
Worms 2.467 12.000 0.700 3.200 0.820 0.219 
Echinoidea 2.743 4.330 0.116 0.464 0.774 0.250 
Crinoidea 2.442 0.164 0.125 0.800 0.523 0.156 
Ophiuroidea 2.489 6.760 0.450 1.800 0.551 0.250 
Asteroidea 2.351 1.778 0.231 0.924 0.774 0.250 
Holothuroidea 2.000 5.450 0.316 1.100 0.938 0.287 
Krill 
      Krill Adult 2.465 9.080 
 
33.000 0.797 0.045 
Krill Sub-adult 2.234 25.893 
 
51.643 0.867 0.017 
Krill Juvenile 2.000 0.013 
 
356.132 0.795 0.007 
Krill Larvae 2.000 0.003 
 
698.506 0.461 0.011 
Spongiobranchaea 
australis 3.321 0.194 5.800 7.300 0.990 0.795 
Clione antarctica 2.950 0.175 5.300 7.700 0.990 0.688 
Macro-Zooplankton 2.199 8.170 9.216 30.719 0.882 0.300 
Clio pyramidata 2.390 0.179 9.300 35.000 0.990 0.266 
Limacina antarctica 2.000 3.200 12.000 65.000 0.990 0.185 
Micro-Zooplankton 2.000 2.080 27.066 90.221 0.979 0.300 
Cryptophytes 1.000 1.800 75.000 0.000 0.957 
 Copepods 2.000 21.880 16.560 90.000 0.943 0.184 
Diatoms 1.000 20.880 90.510 0.000 0.936 
 Ice algae 1.000 26.690 45.000 0.000 0.948 
 Other Phytoplankton 1.000 2.930 86.000 0.000 0.889 
 Detritus 1.000 3.430 
  
0.314 
  
  
Table 4.1  Continued 
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Predator-prey vulnerabilities for each functional group were scaled by trophic 
level (TL) based on the methods of Ainsworth (2004), except for pteropods, which were 
estimated using Ecosim vulnerability estimates (EwE version 6.3 Beta).  For vulnerability 
estimates per trophic level per functional group, the equation, y = 2.1053x – 0.0303, was 
used to determine vulnerability, where y equals vulnerability and x is the TL reported in 
Table 4.1.  Vulnerability for S. australis’ prey were set to 1.833, C. antarctica’s prey 
1.835, C. pyramidata’s prey 1.838 and L. antarctica’s prey 1.833.   
Table 4.2  Functional groups with groups of several species.
Functional Group Organisms Considered
Tootfish Dissostichus eleginoides  and Dissostichus mawsoni
Large Nototheniidae Notothenia coriiceps , Notothenia  (Notothenia ) neglecta , Notothenia rossii , 
Notothenia squamifrons , Lepidonotothen kempi , and Trematomus hansoni
Small Nototheniidae Cryothenia peninsulae , Notothenia  (Lepidonotothen ) larseni , Notothenia 
(Lepidonotothen ) nudifrons , Trematomis loennbergi , Pagothenia 
(Trematomus ) bernacchii , Trematomus newnesi , Trematomus scotti , 
Trematomus eulepidotus  and Trematonius centronotus
Shallow Demersals Artedidraco skottsbergi , Harpagifer antarcticus  and Harpagifer bispinis
Deep Demersals (Large) Chionobathyscus dewitti , Paradiplospinus antarcticus , Parachaenichthys 
charcoti , Gymnodraco acuticeps , Mancopsetta maculate , Muraenolepis 
microps , Pachycara brachycephalum , Ophthalmolycus amberensi , 
Bathyraja eatonii  and Bathyraja maccaini
Deep Demersals (Small) Pogonophryne marmorata , Prionodraco evansii , Psilodraco breviceps  and 
Paraliparis antarcticus
Myctophids Electrona antarctica , Gymnoscopelus braueri , Gymnoscopelus nicholsi , 
Gymnoscopelus opisthopterus  and Protomyctophum bolini
Other Pelagics Anotopterus pharaoh , Bathylagus antarcticus , Lampris immaculatus , 
Paradiplospinus gracilis  and Paradiplospinus antarcticus
Invertebrate Mollusks bivalves, opistobranchs, prosobranchs, Schaphopoda, Solenogastra and most 
gastropods
Salp Salpa thompsoni
Urochordata Ascidiacea but not salps
Porifera all sponges
Bryozoans Lophotrochozoa, Cnidaria included Anthozoa, Hydrozoa, Actiniaria and 
Gorgonaria
Arthropod Crustacea Amphipods, cumaceans, isopods, ostracods, and tanaidaceans
Arthropod Other Acari and  Pycnogonidians
Worms Turbellaria (Platyhelminthes), Nemertini (Nemertea), Sipuncula (Sipuncula), 
Nematoda (Nematoda), Polychaeta (Annelida), Oligochaeta (Annelida), 
Hirudinea (Annelida), Sipunculoidea (Sipuncula) and Priapulida (Priapulida)
Echinoidea echinoderms
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Conservative values from the literature were used as the starting point of the 
balanced model.  The model was initiated with a balanced WAP ecosystem beginning at 
the year 2010 and ended at the year 2050, as well as assumed mass balance, fishing 
mortality of krill per Hoover (2009) and no migration within the study area.  Seasonality 
of primary production, Austral spring production highs and Austral Winter production 
lows, consistently drove natural changes in trophodynamics along the WAP for the 40 
year run period and resulted in the balanced reference ecosystem outputs at year 2050.   
To simulate a spectrum of bottom up alterations in trophodynamics, via the 
expected environmental changes affecting the WAP marine ecosystem over the next 40 
years, several linear forcing-function scenarios were created.  Specifically, three WAP 
circulation scenarios describing the increased productivity of all primary producers 
except for the decreased productivity of ice algae, based on observed and predicted 
westerly wind intensification, increased UCDW upwelling, and decreased sea-ice extent 
(Martinson et al. 2008, Trathan et al. 2011, Dinniman et al. 2012).  The three WAP 
circulation scenarios are based on the Dinniman et al. (2012) “Base+,” “1.2K+” and 
“1.5M” model outputs describing low (4.7%), moderate (32.3%) and high (79.0%) 
increases in all other primary production (g m-2 yr-1) except for decreases in ice algae 
production by 2100.  These changes in primary production are supported by the flux of 
dissolved iron into the upper 100 m by warmer CDW intrusions onto the WAP.  Percent 
increases/decreases in primary productivity/ice algae per scenario were calculated by 
changing g(C) m-2 yr-1 reported in Dinniman et al. (2012) to g m-2 yr-1 by using the 
Redfield ratio.  Circulation scenarios were applied in Ecosim to simulate specific 
increases in primary productivity per year within the functional groups of cryptophytes, 
diatoms, and other phytoplankton, as well as concomitant decreases in the productivity 
of the functional group of ice algae. 
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Functional
Group
Whales
Pinnepeds
Sea Birds &
Penguins
Fish
Cephalopods
Salp
Invertebrates
Krill
Pteropods
Zooplankton
Primary 
Producers
Dubischar & Bathmann 1997, Alcaraz et al. 1998, Le Fèvre et al. 1998, Perissinotto & Pakhomov 1998a, 
Perissinotto & Pakhomov 1998b, Chiba et al. 1999, Pakhomov et al. 2002, Hunt et al. 2008, Hoover 2009
Table 4.3  References for input data and dietary matrix for the current EwE model
References
Laws 1977, FAO 1978, Gambell 1981, Gulland 1981, Watson 1981, Ainley 1985, Armstrong & Siegfried 
1991, Gill & Thiele 1997, Van Franeker et al. 1997, Kasamatsu et al. 1998, Pauly et al. 1998, Trites & Pauly 
1998, Chaloupka et al. 1999, Perry et al. 1999, Thiele & Gill 1999, Thiele et al. 2000, Branch & Butterworth 
2001, Pitman & Ensor 2003, Guénette 2005, Tamura & Konishi 2005, Hunt et al. 2008, Hoover 2009
Laws 1960, Penney & Lowry 1967, Hunt 1973, Laws 1977, FAO 1978, De Master 1979, Laws 1979, Siniff et 
al. 1979, Bonner 1982, Ainley 1985, Doidge & Croxall 1985, Siniff & Stone 1985, Testa & Siniff 1987, 
Bengtson et al. 1991, Boveng et al. 1991, McConnell et al. 1992, Roundhouse et al. 1992, Bengtson & 
Jansen 1993, Bengtson & Boveng 1994, Bester & Wilkinson 1994, Boyd et al. 1994, Knox 1994, Laws 1994, 
Skinner & Klages 1994, Boyd et al. 1997a,b, Casaux et al. 1997, Hofmeyr et al. 1997, van Franeker & 
Bathmann 1997, Wicken & York 1997, Burns et al. 1998, Croll & Tershy 1998, Lowry et al. 1998, Walker et 
al. 1998, Boyd 1999, Bornemann et al. 2000, Guinet et al. 2000, McMahon et al. 2000, Burns & Kooyman 
2001, Burns & Kooyman 2001, Daneri & Carlini 2002, Ackley et al. 2003, Bradshaw et al. 2003, Jessopp et 
al. 2004, Hoover 2009
Croxall & Prince 1979, Volkman et al. 1980, Croxall 1984, Ainley 1985, Green 1986, Croxall et al. 1988, 
Green & Johnstone 1988, Davis et al. 1989, Klages 1989, Klages et al. 1989, Bengtson et al. 1991, Croll et 
al. 1991, Croll et al. 1992, Bengtson & Jansen 1993, Bengston et al. 1993, Veit et al. 1993, Bengtson & 
Boveng 1994, Orgeira 1994, Kooyman et al. 1995, Pütz 1995, Ichii et al. 1996, Trathan et al. 1996, Bost et al. 
1997, Kerry et al. 1997, Kirkwood & Robertson 1997, van Franeker et al. 1997, Cherel & Kooyman 1998, 
Croll & Tershy 1998, Kent et al. 1998, Barbraud et al. 1999, Croxall &  Davis 1999, Berrow et al. 2000, Coria 
et al. 2000, Gonzalez-Solis et al. 2000, Quillfeldt & Pans-Ulrich 2000, Burns & Kooyman 2001, Wilson et al. 
2001, Forero et al. 2002, Pakhomov et al. 2002, Ainley et al. 2003, Clausen & Pütz 2003, Takahashi et al. 
2003, Lescroël et al. 2004, Lynnes et al. 2004, Clausen et al. 2005, Efran & Pitcher 2005, Hoover 2009
Pauly 1980, Duarte & Moreno 1981, Duhamel & Hureau 1985, Eastman 1985, Hubold 1985, Kellermann & 
Kock 1988, Barrera-Oro & Casaux 1990, Casaux et al. 1990, Bax 1991, Hureau 1994, Kock et al. 1994, 
Vacchi et al. 1994, Kozlov 1995, Coggan 1997a, Coggan 1997b, García de la Rosa et al. 1997, Casaux 
1998, Kock 1998, Loeb et al. 1997, Lourdes et al. 1998, Palomares & Pauly 1998, Arana & Vega 1999, 
Greely et al. 1999, Barrera-Oro et al. 2000, Hoddell et al. 2000, Jackson et al. 2000, Vacchi et al. 2000, 
Pakhomov et al. 2002, Kock & Everson 2003, Flores et al. 2004,  Kock et al. 2004, Pusch et al. 2004, Kock 
& Jones 2005, Hunt et al. 2008, Granata et al. 2009, Hoover 2009, La Mesa & Eastman 2012, Fishbase: 
www.fishbase.org
Nemoto et al. 1988, Hureau 1994, Lu & Williams 1994, Kozlov 1995, Rodhouse & Nigmatullin 1996, Cherel 
& Weimerskirch 1999, Xavier et al. 1999, Daneri et al. 2000, Gröger et al. 2000, Jackson et al. 2002, Hoover 
2009
Jazdzewski et al. 1986, Brey 1990, Morin & Bourassa 1992, Brey & Clarke 1993, Barnes & Clarke 1995, 
Dearborn et al. 1996, Jarre-Teichmann et al. 1997, Brey & Gerdes 1998, Orejas et al. 2001, Scott et al. 
2001, Pakhomov et al. 2002, Barnes & Brockington 2003, De Broyer et al. 2003, Jacob et al. 2003, Peck et 
al. 2005, Clarke et al. 2007, Barnes & Griffiths 2008, Troncoso &  Aldea 2008, Hoover 2009
Ivanov 1970, Hampton 1985, Siegel 1987, Everson 1988, Marschall 1988, Daly 1990, Everson & Goss 1991, 
Siegel 1991, Agnew 1992, Hewitt & Demer 1992, Trathan et al. 1992, Wormuth et al. 1992, Agnew & Marín 
1994, Schnack-Schiel & Mujica 1994, Buchholz et al. 1996; Kawaguchi & Takahashi 1996, Brierley et al. 
1997, Perissinotto et al. 1997, Brierley et al. 1999a, Brierley et al. 1999b, Lascara et al. 1999, Brierley & 
Watkins 2000, Cruzin-Roudy 2000, Perissinotto et al. 2000, Hernández-León 2001, Reid 2001, Hoover 2009
Hopkins 1987, Boysen-Ennen & Piatkowski 1988, Fabry 1989, Foster 1989, Knox et al. 1996, 
Fisher et al. 2004, Pane 2004, Pakhomov & Froneman 2004, Hunt et al. 2008, Pinkerton & 
Bradford-Grieve 2010, Parker et al. 2011
Voronina et al. 1981, Duhamel & Hureau 1985, Hopkins 1985a,b, Boysen-Ennen et al. 1991, Wormuth et al. 
1992, Schnack-Schiel & Mujica 1994, Rudjakov 1996, Siegel & Harm 1996, Dubischar & Bathmann 1997, 
Alcaraz et al. 1998, Hernández-León et al. 1999, Pakhomov et al. 1999, Ward & Shreeve 1999, Calbet et al. 
2005, Shreeve et al. 2005, Hoover 2009
El-sayed 1987, Kottmeier & Sullivan 1987, El-Sayed 1988, Holm-Hansen et al. 1989, Walker & Smith 1990, 
Holm-Hansen & Mitchell 1991, Villafaṅe et al. 1992, Holm-Hansen & Villafaṅe 1993, Villafaṅe & Holm-Hansen 
1993, Figueiras et al. 1994, Priddle et al. 1994, Kang & Lee 1995, Villafaṅe et al. 1995, Villafaṅe et al. 1996, 
Dubischar & Bathmann 1997, Froneman et al. 1997, Jarre-Teichmann et al. 1997, Priddle et al. 1998, Smith 
et al. 1998b, Smith et al. 1998c, Kelley et al. 1999, Dierssen et al. 2000, Hoover 2009
 
 
91 
 
 
 T
a
b
le
 4
.4
  
M
a
tr
ix
 o
f 
th
e
 d
ie
t 
c
o
m
p
o
s
iti
o
n
 f
o
r 
e
a
c
h
 f
u
n
c
tio
n
a
l g
ro
u
p
 f
o
r 
th
e
 c
u
rr
e
n
t 
W
A
P
 E
w
E
 m
o
d
e
l
P
re
y\
P
re
d
a
to
r
1
2
3
4
5
6
7
8
9
1
0
1
1
1
2
1
3
1
4
1
5
1
6
1
7
1
8
1
K
ill
e
r 
W
h
a
le
s
2
L
e
o
p
a
rd
 S
e
a
l
0
.1
3
R
o
s
s
 S
e
a
l
0
.0
2
0
.0
0
5
4
W
e
d
d
e
ll 
S
e
a
l
0
.1
6
0
.0
1
5
5
C
ra
b
e
a
te
r 
S
e
a
l
0
.1
9
0
.0
7
6
A
n
ta
rc
tic
 F
u
r 
S
e
a
ls
0
.0
3
0
.0
3
7
S
o
u
th
e
rn
 E
le
p
h
a
n
t 
S
e
a
ls
0
.0
1
8
S
p
e
rm
 w
h
a
le
s
9
B
lu
e
 W
h
a
le
s
0
.0
0
1
1
0
F
in
 W
h
a
le
s
0
.0
0
5
1
1
M
in
ke
 w
h
a
le
s
0
.3
4
4
1
2
H
u
m
p
b
a
c
k 
w
h
a
le
s
0
.0
7
1
3
E
m
p
e
ro
r 
p
e
n
g
u
in
s
0
.0
0
5
1
4
G
e
n
to
o
 P
e
n
g
u
in
s
0
.0
1
0
.0
1
1
5
C
h
in
s
tr
a
p
 P
e
n
g
u
in
s
0
.0
2
0
.0
1
1
6
M
a
c
a
ro
n
i P
e
n
g
u
in
0
.0
1
0
.0
2
1
7
A
d
e
lie
 P
e
n
g
u
in
s
0
.0
3
0
.0
7
0
.0
0
1
1
8
F
ly
in
g
 b
ir
d
s
0
.0
1
0
.0
4
0
.0
2
1
1
9
C
e
p
h
a
lo
p
o
d
s
0
.1
6
0
.4
5
0
.2
9
0
.0
2
5
0
.1
8
0
.7
2
0
.7
5
2
0
.0
0
5
0
.0
0
5
0
.2
2
0
.3
2
0
.3
8
0
.1
1
0
.0
2
0
.2
0
6
2
0
O
th
e
r 
Ic
e
fis
h
0
.0
2
0
.0
1
5
0
.0
0
5
0
.0
1
0
.0
1
5
0
.0
1
0
.0
1
0
.0
1
0
.0
1
5
0
.0
1
2
1
T
o
o
th
fis
h
0
.0
1
5
0
.0
1
5
2
2
L
a
rg
e
 N
o
to
th
e
n
iid
a
e
0
.0
5
0
.0
4
5
0
.0
3
0
.0
2
4
0
.0
0
1
0
.0
3
0
.0
4
0
.0
3
0
.0
5
0
.0
0
1
2
3
S
m
a
ll 
N
o
to
th
e
n
iid
a
e
0
.0
5
0
.0
1
0
.0
1
5
0
.0
1
0
.0
3
0
.0
4
0
.0
1
0
.0
2
0
.0
2
2
4
S
h
a
llo
w
 D
e
m
e
rs
a
ls
0
.0
1
0
.0
0
1
0
.0
0
1
0
.0
0
3
2
5
D
e
e
p
 d
e
m
e
rs
a
ls
 L
a
rg
e
0
.0
0
5
0
.0
0
1
0
.0
0
1
0
.0
0
1
0
.0
1
0
.0
1
0
.0
1
2
6
D
e
e
p
 d
e
m
e
rs
a
ls
 S
m
a
ll
0
.0
1
0
.0
0
5
0
.0
0
5
0
.0
0
2
5
0
.0
2
0
.0
3
0
.0
3
0
.0
0
5
2
7
M
yc
to
p
h
id
s
0
.0
1
0
.0
2
0
.0
2
0
.0
0
5
0
.0
1
0
.0
8
0
.0
5
0
.0
5
0
.0
0
1
0
.0
1
0
.0
2
0
.0
0
5
0
.0
2
2
8
O
th
e
r 
P
e
la
g
ic
s
0
.0
1
0
.0
1
0
.0
1
0
.0
0
2
5
0
.0
1
0
.0
1
0
.0
1
0
.0
1
0
.0
0
5
0
.0
0
5
0
.0
1
0
.0
1
0
.0
1
6
2
9
C
h
a
m
p
s
o
c
e
p
h
a
lu
s
 g
u
n
n
a
ri
0
.0
1
0
.0
2
0
.0
2
0
.0
2
5
0
.0
1
0
.0
1
0
.0
2
3
0
P
le
u
ra
g
ra
m
m
a
 a
n
ta
rc
tic
u
m
0
.0
1
0
.1
4
0
.2
3
0
.0
2
0
.0
2
0
.0
3
0
.0
3
0
.0
0
5
0
.0
0
5
0
.2
0
.0
1
0
.0
1
0
.0
1
0
.0
4
0
.0
1
8
3
1
N
o
to
th
e
n
ia
 g
ib
b
e
ri
fr
o
n
s
0
.0
1
0
.0
3
0
.0
3
0
.0
3
0
.0
8
0
.0
4
0
.0
2
0
.0
0
1
3
2
M
o
llu
s
c
a
0
.0
4
0
.1
8
0
.0
3
0
.0
7
9
0
.0
3
0
.0
8
0
.0
2
2
 
 
92 
 
 
 T
a
b
le
 4
.4
  
C
o
n
tin
u
e
d
P
re
y\
P
re
d
a
to
r
1
2
3
4
5
6
7
8
9
1
0
1
1
1
2
1
3
1
4
1
5
1
6
1
7
1
8
3
3
S
a
lp
s
0
.0
2
5
0
.0
1
0
.0
2
0
.0
2
0
.0
2
0
.0
5
3
4
U
ro
c
h
o
rd
a
ta
0
.0
2
0
.0
2
3
5
P
o
ri
fe
ra
0
.0
1
0
.0
2
3
6
H
e
m
ic
h
o
rd
a
ta
0
.0
0
5
0
.0
2
0
.0
2
3
7
B
ra
c
h
io
p
o
d
a
0
.0
0
5
0
.0
1
5
0
.0
1
5
3
8
B
ry
o
z
o
a
0
.0
0
5
0
.0
1
5
0
.0
1
5
3
9
C
n
id
a
ri
a
0
.0
0
5
0
.0
1
5
0
.0
3
0
.0
3
0
.0
0
5
4
0
A
rt
h
ro
p
o
d
 C
ru
s
te
c
e
a
0
.0
2
9
0
.0
6
4
0
.0
1
0
.0
0
1
0
.0
0
1
0
.0
1
0
.0
1
0
.0
3
0
.0
6
0
.0
7
4
1
A
rt
h
ro
p
o
d
 O
th
e
r
0
.0
0
5
0
.0
0
5
4
2
W
o
rm
s
0
.0
1
0
.0
1
0
.0
1
0
.0
1
0
.0
2
4
3
E
c
h
in
o
id
e
a
4
4
C
ri
n
o
id
e
a
4
5
O
p
h
iu
ro
id
e
a
4
6
A
s
te
ro
id
e
a
4
7
H
o
lo
th
u
ro
id
e
a
0
.0
0
4
4
8
K
ri
ll 
A
d
u
lt
0
.1
9
0
.0
6
0
.0
3
5
0
.4
5
0
.3
4
8
0
.0
3
0
.0
5
5
0
.3
9
0
.3
5
0
.2
0
.4
8
0
.2
9
9
0
.2
3
0
.2
3
0
.3
5
0
.6
6
2
0
.2
3
4
4
9
K
ri
ll 
S
u
b
-a
d
u
lt
0
.1
7
0
.0
7
9
0
.0
5
0
.4
0
.3
4
9
0
.0
2
0
.0
5
3
0
.3
5
0
.3
0
.4
4
0
.4
0
.2
1
0
.0
2
0
.0
2
0
.3
4
0
.1
0
.2
3
5
5
0
K
ri
ll 
Ju
ve
n
ile
5
1
K
ri
ll 
L
a
rv
a
e
5
2
S
p
o
n
g
io
b
ra
n
c
h
a
e
a
 a
u
s
tr
a
lis
0
.0
1
0
.0
1
0
.0
2
0
.0
1
0
.0
0
5
5
3
C
lio
n
e
 a
n
ta
rc
tic
a
0
.0
1
0
.0
1
0
.0
2
0
.0
1
0
.0
0
5
5
4
M
a
c
ro
-Z
o
o
p
la
n
kt
o
n
0
.0
5
0
.0
2
0
.0
4
0
.0
9
0
.0
1
0
.0
5
0
.0
5
0
.0
2
5
5
C
lio
 p
yr
a
m
id
a
ta
0
.0
1
0
.0
1
0
.0
1
0
.0
1
0
.0
1
5
6
L
im
a
c
in
a
 a
n
ta
rc
tic
a
0
.0
2
0
.0
3
0
.0
5
0
.0
3
0
.0
1
5
7
M
ic
ro
-Z
o
o
p
la
n
kt
o
n
0
.0
0
7
0
.0
3
0
.0
3
0
.0
7
5
8
C
ry
p
to
p
h
yt
e
s
0
.0
1
0
.0
2
0
.0
1
5
9
C
o
p
e
p
o
d
s
0
.0
3
0
.0
5
0
.0
5
4
0
.0
2
5
0
.0
4
6
0
D
ia
to
m
s
0
.0
1
0
.0
3
0
.0
1
6
1
Ic
e
 a
lg
a
e
0
.0
1
0
.0
1
6
2
O
th
e
r 
P
h
yt
o
p
la
n
kt
o
n
0
.0
1
0
.0
2
0
.0
1
6
3
D
e
tr
itu
s
 
 
93 
 
 
 T
a
b
le
 4
.4
  
C
o
n
tin
u
e
d
P
re
y\
P
re
d
a
to
r
1
9
2
0
2
1
2
2
2
3
2
4
2
5
2
6
2
7
2
8
2
9
3
0
3
1
3
2
3
3
3
4
3
5
3
6
1
K
ill
e
r 
W
h
a
le
s
2
L
e
o
p
a
rd
 S
e
a
l
3
R
o
s
s
 S
e
a
l
4
W
e
d
d
e
ll 
S
e
a
l
5
C
ra
b
e
a
te
r 
S
e
a
l
6
A
n
ta
rc
tic
 F
u
r 
S
e
a
ls
7
S
o
u
th
e
rn
 E
le
p
h
a
n
t 
S
e
a
ls
8
S
p
e
rm
 w
h
a
le
s
9
B
lu
e
 W
h
a
le
s
1
0
F
in
 W
h
a
le
s
1
1
M
in
ke
 w
h
a
le
s
1
2
H
u
m
p
b
a
c
k 
w
h
a
le
s
1
3
E
m
p
e
ro
r 
p
e
n
g
u
in
s
1
4
G
e
n
to
o
 P
e
n
g
u
in
s
1
5
C
h
in
s
tr
a
p
 P
e
n
g
u
in
s
1
6
M
a
c
a
ro
n
i P
e
n
g
u
in
1
7
A
d
e
lie
 P
e
n
g
u
in
s
1
8
F
ly
in
g
 b
ir
d
s
1
9
C
e
p
h
a
lo
p
o
d
s
0
.0
1
0
.0
1
5
0
.1
7
4
0
.0
5
0
.0
4
0
.2
2
0
O
th
e
r 
Ic
e
fis
h
0
.0
0
1
0
.0
0
5
0
.2
0
.0
3
5
0
.0
5
0
.0
1
0
.0
0
1
2
1
T
o
o
th
fis
h
0
.0
0
0
5
0
.0
0
0
5
0
.0
0
5
2
2
L
a
rg
e
 N
o
to
th
e
n
iid
a
e
0
.0
0
1
0
.0
3
0
5
0
.0
6
0
.0
0
5
0
.0
4
2
3
S
m
a
ll 
N
o
to
th
e
n
iid
a
e
0
.0
0
5
0
.0
3
5
0
.1
5
0
.0
1
3
0
.0
4
0
.0
7
0
.0
1
5
0
.0
0
1
2
4
S
h
a
llo
w
 D
e
m
e
rs
a
ls
0
.0
0
1
0
.0
2
0
.0
0
5
2
5
D
e
e
p
 d
e
m
e
rs
a
ls
 L
a
rg
e
0
.0
0
4
0
.0
0
5
0
.0
0
1
0
.0
0
1
2
6
D
e
e
p
 d
e
m
e
rs
a
ls
 S
m
a
ll
0
.0
1
5
0
.0
1
0
.0
0
2
5
0
.0
7
0
.0
1
0
.0
0
1
0
.0
0
1
2
7
M
yc
to
p
h
id
s
0
.0
1
0
.0
2
0
.0
1
0
.0
4
0
.0
3
0
.0
1
2
8
O
th
e
r 
P
e
la
g
ic
s
0
.0
1
0
.0
1
0
.0
1
0
.0
4
0
.0
2
0
.0
1
2
9
C
h
a
m
p
s
o
c
e
p
h
a
lu
s
 g
u
n
n
a
ri
0
.0
4
0
.0
5
0
.0
0
5
0
.0
2
3
0
P
le
u
ra
g
ra
m
m
a
 a
n
ta
rc
tic
u
m
0
.0
7
5
0
.0
5
0
.0
4
0
.0
1
0
.0
7
0
.0
8
0
.1
0
.0
0
5
3
1
N
o
to
th
e
n
ia
 g
ib
b
e
ri
fr
o
n
s
0
.1
8
0
.0
8
0
.0
0
5
0
.0
2
0
.0
1
3
2
M
o
llu
s
c
a
0
.0
1
0
.0
2
0
.0
2
0
.1
1
0
.0
7
5
0
.1
5
0
.1
5
0
.2
5
0
.0
3
0
.1
0
.0
2
 
 
94 
 
 
 T
a
b
le
 4
.4
  
C
o
n
tin
u
e
d
P
re
y\
P
re
d
a
to
r
1
9
2
0
2
1
2
2
2
3
2
4
2
5
2
6
2
7
2
8
2
9
3
0
3
1
3
2
3
3
3
4
3
5
3
6
3
3
S
a
lp
s
0
.0
4
2
5
0
.0
3
0
.0
1
1
0
.0
1
0
.0
2
0
.0
2
0
.0
1
0
.0
2
0
.0
2
0
.0
4
0
.0
3
0
.0
1
0
.0
1
0
.0
0
1
3
4
U
ro
c
h
o
rd
a
ta
0
.0
4
0
.0
1
0
.0
2
0
.0
0
5
0
.0
1
3
5
P
o
ri
fe
ra
3
6
H
e
m
ic
h
o
rd
a
ta
0
.0
0
5
3
7
B
ra
c
h
io
p
o
d
a
0
.0
0
5
3
8
B
ry
o
z
o
a
0
.0
0
5
0
.0
0
5
3
9
C
n
id
a
ri
a
0
.0
0
5
0
.0
2
5
0
.0
0
5
0
.0
0
1
5
0
.0
1
0
.0
2
0
.0
0
1
0
.0
1
5
0
.0
0
1
0
.0
1
4
0
A
rt
h
ro
p
o
d
 C
ru
s
te
c
e
a
0
.0
5
0
.0
3
0
.0
8
5
0
.1
5
0
.3
5
0
.7
5
0
.0
7
0
.2
0
5
0
.2
3
0
.0
4
0
.0
1
0
.0
8
0
.3
8
4
1
A
rt
h
ro
p
o
d
 O
th
e
r
0
.0
3
2
5
0
.0
0
5
0
.0
1
0
.0
1
0
.0
0
1
0
.0
2
0
.0
0
5
0
.0
0
5
0
.0
1
0
.0
1
4
2
W
o
rm
s
0
.0
4
9
0
.0
2
0
.0
1
0
.0
3
0
.1
9
0
.0
4
5
0
.0
4
5
0
.0
8
0
.0
1
0
.0
2
0
.0
1
5
0
.0
3
0
.1
2
0
.0
6
4
3
E
c
h
in
o
id
e
a
0
.0
0
2
4
4
C
ri
n
o
id
e
a
0
.0
0
2
4
5
O
p
h
iu
ro
id
e
a
0
.0
0
2
4
6
A
s
te
ro
id
e
a
0
.0
0
2
4
7
H
o
lo
th
u
ro
id
e
a
0
.0
1
1
0
.0
1
4
8
K
ri
ll 
A
d
u
lt
0
.1
1
8
0
.1
8
5
0
.0
4
0
.1
0
.1
0
.0
7
0
.1
2
0
.0
8
4
0
.1
5
0
.1
5
0
.4
7
0
.0
4
0
.1
2
4
9
K
ri
ll 
S
u
b
-a
d
u
lt
0
.3
3
0
.1
9
0
.0
4
0
.0
9
0
.1
0
.0
2
0
.0
9
0
.0
4
9
0
.0
5
0
.1
9
0
.4
4
5
0
.3
0
.1
4
5
0
K
ri
ll 
Ju
ve
n
ile
0
.0
0
1
0
.0
0
1
0
.0
1
0
.0
0
5
0
.0
0
1
5
1
K
ri
ll 
L
a
rv
a
e
1
.0
0
E
-0
5
1
.0
0
E
-0
5
0
.0
0
1
5
2
S
p
o
n
g
io
b
ra
n
c
h
a
e
a
 a
u
s
tr
a
lis
0
.0
3
0
.0
4
4
5
3
C
lio
n
e
 a
n
ta
rc
tic
a
0
.0
3
0
.0
3
5
8
5
4
M
a
c
ro
-Z
o
o
p
la
n
kt
o
n
0
.1
3
1
0
.0
7
0
.0
0
5
0
.0
3
9
0
.0
4
0
.0
5
0
.0
4
0
.0
5
9
0
.0
1
0
.0
3
0
.0
2
9
0
.0
1
0
.0
3
1
5
5
C
lio
 p
yr
a
m
id
a
ta
0
.0
4
0
.0
4
0
.0
0
5
0
.0
0
4
5
6
L
im
a
c
in
a
 a
n
ta
rc
tic
a
0
.2
9
0
.0
1
0
.1
7
1
0
.0
2
5
5
7
M
ic
ro
-Z
o
o
p
la
n
kt
o
n
0
.0
8
0
.0
3
0
.0
2
0
.0
2
0
.0
0
5
0
.0
1
9
0
.0
1
0
.0
4
5
0
.0
1
0
.0
2
0
.2
1
3
0
.1
5
8
C
ry
p
to
p
h
yt
e
s
0
0
.0
1
0
.0
2
0
.3
5
6
0
.1
5
0
.0
2
5
9
C
o
p
e
p
o
d
s
0
.0
2
0
.0
3
0
.2
5
0
.1
5
0
.0
1
0
.0
1
0
.0
5
0
.0
3
6
0
D
ia
to
m
s
0
.0
1
0
.0
5
0
.0
6
0
.2
5
0
.0
2
6
1
Ic
e
 a
lg
a
e
0
.0
7
0
.0
5
0
.0
5
0
.0
1
0
.2
0
.0
2
6
2
O
th
e
r 
P
h
yt
o
p
la
n
kt
o
n
0
.0
6
0
.0
2
5
0
.0
5
0
.0
5
0
.1
7
0
.1
5
0
.0
2
6
3
D
e
tr
itu
s
0
.7
3
0
.1
2
0
.9
2
1
 
 
95 
 
 
 T
a
b
le
 4
.4
  
C
o
n
tin
u
e
d
P
re
y\
P
re
d
a
to
r
3
7
3
8
3
9
4
0
4
1
4
2
4
3
4
4
4
5
4
6
4
7
4
8
4
9
5
0
5
1
5
2
5
3
5
4
1
K
ill
e
r 
W
h
a
le
s
2
L
e
o
p
a
rd
 S
e
a
l
3
R
o
s
s
 S
e
a
l
4
W
e
d
d
e
ll 
S
e
a
l
5
C
ra
b
e
a
te
r 
S
e
a
l
6
A
n
ta
rc
tic
 F
u
r 
S
e
a
ls
7
S
o
u
th
e
rn
 E
le
p
h
a
n
t 
S
e
a
ls
8
S
p
e
rm
 w
h
a
le
s
9
B
lu
e
 W
h
a
le
s
1
0
F
in
 W
h
a
le
s
1
1
M
in
ke
 w
h
a
le
s
1
2
H
u
m
p
b
a
c
k 
w
h
a
le
s
1
3
E
m
p
e
ro
r 
p
e
n
g
u
in
s
1
4
G
e
n
to
o
 P
e
n
g
u
in
s
1
5
C
h
in
s
tr
a
p
 P
e
n
g
u
in
s
1
6
M
a
c
a
ro
n
i P
e
n
g
u
in
1
7
A
d
e
lie
 P
e
n
g
u
in
s
1
8
F
ly
in
g
 b
ir
d
s
1
9
C
e
p
h
a
lo
p
o
d
s
2
0
O
th
e
r 
Ic
e
fis
h
2
1
T
o
o
th
fis
h
2
2
L
a
rg
e
 N
o
to
th
e
n
iid
a
e
2
3
S
m
a
ll 
N
o
to
th
e
n
iid
a
e
2
4
S
h
a
llo
w
 D
e
m
e
rs
a
ls
2
5
D
e
e
p
 d
e
m
e
rs
a
ls
 L
a
rg
e
2
6
D
e
e
p
 d
e
m
e
rs
a
ls
 S
m
a
ll
2
7
M
yc
to
p
h
id
s
2
8
O
th
e
r 
P
e
la
g
ic
s
2
9
C
h
a
m
p
s
o
c
e
p
h
a
lu
s
 g
u
n
n
a
ri
3
0
P
le
u
ra
g
ra
m
m
a
 a
n
ta
rc
tic
u
m
3
1
N
o
to
th
e
n
ia
 g
ib
b
e
ri
fr
o
n
s
3
2
M
o
llu
s
c
a
0
.0
8
0
.0
2
0
.0
1
0
.0
7
0
.0
1
 
 
96 
 
 
 T
a
b
le
 4
.4
  
C
o
n
tin
u
e
d
P
re
y\
P
re
d
a
to
r
3
7
3
8
3
9
4
0
4
1
4
2
4
3
4
4
4
5
4
6
4
7
4
8
4
9
5
0
5
1
5
2
5
3
5
4
3
3
S
a
lp
s
0
.1
0
.0
1
0
.0
2
0
.0
1
3
4
U
ro
c
h
o
rd
a
ta
0
.0
5
0
.0
0
6
0
.0
0
5
0
.0
1
3
5
P
o
ri
fe
ra
0
.0
1
0
.0
1
0
.0
2
5
0
.0
5
0
.0
3
0
.0
2
3
6
H
e
m
ic
h
o
rd
a
ta
0
.0
0
0
5
3
7
B
ra
c
h
io
p
o
d
a
0
.0
0
2
3
8
B
ry
o
z
o
a
0
.0
0
5
0
.0
1
0
.0
0
1
0
.0
0
7
5
0
.1
2
5
0
.0
0
2
5
3
9
C
n
id
a
ri
a
0
.0
0
5
0
.0
1
0
.0
0
2
0
.0
1
0
.0
0
5
4
0
A
rt
h
ro
p
o
d
 C
ru
s
te
c
e
a
0
.0
1
0
.0
5
0
.0
0
5
0
.0
5
0
.0
4
0
.0
2
5
0
.0
1
4
1
A
rt
h
ro
p
o
d
 O
th
e
r
0
.0
0
5
0
.0
1
5
0
.0
0
5
0
.0
2
4
2
W
o
rm
s
0
.0
2
0
.0
4
5
0
.2
3
0
.0
3
9
0
.1
7
2
0
.1
2
5
0
.1
0
.0
5
4
3
E
c
h
in
o
id
e
a
0
.0
0
1
0
.0
1
4
4
C
ri
n
o
id
e
a
0
.0
0
1
0
.0
0
0
1
0
.0
0
1
4
5
O
p
h
iu
ro
id
e
a
0
.0
0
1
0
.0
2
5
0
.0
1
0
.0
5
0
.0
5
4
6
A
s
te
ro
id
e
a
0
.0
3
1
0
.0
0
5
0
.0
1
4
7
H
o
lo
th
u
ro
id
e
a
0
.0
3
0
.1
2
0
.0
1
7
0
.0
4
4
8
K
ri
ll 
A
d
u
lt
0
.0
2
4
9
K
ri
ll 
S
u
b
-a
d
u
lt
0
.0
1
0
.0
4
5
0
K
ri
ll 
Ju
ve
n
ile
0
.0
0
5
1
.0
0
E
-0
5
5
1
K
ri
ll 
L
a
rv
a
e
0
.0
0
2
0
.0
0
1
1
.0
0
E
-0
5
5
2
S
p
o
n
g
io
b
ra
n
c
h
a
e
a
 a
u
s
tr
a
lis
5
3
C
lio
n
e
 a
n
ta
rc
tic
a
5
4
M
a
c
ro
-Z
o
o
p
la
n
kt
o
n
0
.1
0
.5
0
.2
0
.0
5
5
0
.1
5
0
.0
8
0
.0
2
0
.0
3
2
0
.0
5
0
.0
9
0
.0
2
5
5
C
lio
 p
yr
a
m
id
a
ta
0
.0
0
4
0
.9
5
5
6
L
im
a
c
in
a
 a
n
ta
rc
tic
a
0
.0
4
9
0
.0
2
5
0
.0
2
0
.9
5
5
7
M
ic
ro
-Z
o
o
p
la
n
kt
o
n
0
.1
5
0
.1
0
.1
2
0
.0
4
0
5
0
.0
4
4
9
0
.0
3
0
.0
2
0
.0
5
9
0
.0
5
0
.0
2
0
.0
2
0
.0
5
5
8
C
ry
p
to
p
h
yt
e
s
0
.0
5
0
.1
5
0
.0
1
0
.0
3
2
0
.0
3
0
.0
3
5
0
.0
4
0
.0
2
0
.1
5
9
C
o
p
e
p
o
d
s
0
.0
5
0
.0
5
0
.0
6
0
.0
9
2
0
.0
2
5
0
.0
8
0
.0
1
0
.0
1
0
.0
2
0
.3
0
.1
7
0
.0
7
6
0
D
ia
to
m
s
0
.0
5
0
.1
5
0
.0
1
0
.0
2
0
.0
2
0
.0
2
0
.0
2
0
.0
1
0
.1
2
5
0
.1
1
0
.0
4
0
.2
1
6
1
Ic
e
 a
lg
a
e
0
.0
5
0
.1
5
0
.0
4
0
.0
2
0
.0
2
0
.0
2
0
.0
2
0
.3
3
0
.3
7
5
0
.8
1
0
.9
0
.3
5
6
2
O
th
e
r 
P
h
yt
o
p
la
n
kt
o
n
0
.3
0
.1
0
.0
4
0
.0
1
5
0
.0
5
0
.0
2
0
.0
2
0
.0
1
0
.0
3
0
.0
2
0
.1
1
0
.0
8
0
.1
6
3
D
e
tr
itu
s
0
.2
5
0
.3
0
.1
0
.5
1
0
.2
5
4
0
.6
0
5
0
.3
3
1
0
.6
6
0
.5
2
4
0
.6
6
0
.9
8
0
.0
4
0
.2
3
0
.0
5
0
.0
5
0
.0
6
 
 
97 
 
 
 
 
 
 
Four ocean-acidification scenarios were created based on the various predicted 
rates of ocean acidification and influences on thecosome productivity and/or shell 
dissolution (Houghton et al. 2001, Feely et al. 2004, Orr et al. 2005, Royal Society 2005; 
Kleypas et al. 2006, IPCC 2007, McNeil & Matear 2008, Gangstø et al. 2011).  The four 
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ocean acidification scenarios are: low (15%; Feely et al. 2004), moderate (28%; Orr et 
al. 2005, Comeau et al. 2009, Gangstø et al. 2011), high (50%; McNeil & Matear 2008), 
and substantial (50% reduction in thecosome productivity until aragonite undersaturation 
at year 2040, which results in the extinction of both thecosome species; McNeil & Matear 
2008).  These ocean acidification scenarios are referred to as OA15, OA28, OA50 and 
OASub (Sub, meaning “substantial”), respectively.  OASub was utilized to understand 
acute effects to trophodynamics if pteropods were no longer a component of the WAP 
marine ecosystem.  As reported aragonite production in the epipelagic has ranged from 
10 to 50% (e.g. Berner 1977, Berger 1978, Berner & Honjo 1981, Fabry & Deuser 1991), 
we estimated polar ocean-acidification rates leading to the OA28 scenario as a linear 
percent decrease in particulate inorganic carbon (PICA) minus particulate organic carbon 
(POC), or PICA - POC, which equaled an aragonite saturation (ΩA) of 1.0 by year 2100 
as calculated by Gangstø et al. (2011).  The rate of ΩA decrease was determined by the 
rate of increase in atmospheric carbon dioxide concentrations, beginning at near modern 
day values to 760 µatm by the year 2100, therefore decreasing surface ocean ΩA from 
1.9 to 1.0 (Comeau et al. 2009, Gangstø et al. 2011).  Other predicted changes in ΩA, 
given various estimated rates of increasing atmospheric carbon dioxide concentrations 
yielded the four ocean-acidification scenarios estimating percent decreases in only 
thecosome (C. pyramidata and L. antarctica) productivity by the year 2100.  Although 
there are indications that pteropod species may not all be influenced similarly by ocean 
acidification (e.g. Comeau et al. 2009, 2010, Lischka et al. 2011, Maas et al. 2011a,b, 
Seibel et al. 2012), the present ocean-acidification forcing function scenarios were 
assumed to affect WAP thecosomes equally.   
To explore the effects of co-occurring environmental influences on primary 
productivity with changes in WAP circulation and thecosome productivity with changes in 
ocean acidification, environmental forcing-function scenarios were combined to explore 
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outputs for Base+ and OA15, 1.2K+ and OA28, as well as 1.5M and OA50.  In each 
model run, with each consideration of individual and co-occurring forcing functions, the 
“moderate” scenarios are considered to be most likely to occur over the next 40 years 
with current environmental trends along the WAP.  Mean TL changes were monitored in 
each scenario and compared to the balanced reference ecosystem at year 2050 to 
understand relative ecosystem shifts towards producers (lower mean TL) or shifts 
towards predators (higher mean TL).  
Changes in biodiversity were monitored for each scenario’s output using the 
biodiversity statistic Q90 (Ainsworth & Pitcher 2006), a variant of Kempton’s Q Index 
(Kempton & Taylor 1976) that measures changes in species richness as well as 
ecosystem evenness.  The Q90 statistic was created to quantify the effects of mortality 
from ecological stressors, including fishing and/or climate change, on species diversity in 
whole ecosystem simulation models such as the present WAP EwE model (Ainsworth & 
Pitcher 2006).  In the present WAP EwE model, Q90 discriminates ecosystem effects 
between fisheries-harvested krill and natural mortality due to environmental changes 
outside of the krill fishery.  The use of a standardized ecological indicator such as Q90 is 
crucial for understanding fisheries/climate effects on marine communities (FAO 2004).  
For literature comparisons the Shannon Index (SI) was also utilized (Shannon 1948), as 
it accounts for both abundance and evenness of the functional groups represented in the 
current WAP EwE model. 
At the end of each Ecosim run (year 2050), all scenario biomass outputs were 
compared to the balanced reference ecosystem at year 2050 to assess change per 
functional group over the 40-year model run time.  To further understand WAP 
ecological changes with each environmental forcing-function scenario, relationships 
among potential bioindicator functional groups and biodiversity statistics were plotted as 
radar plots to include total biomass of all krill, salp biomass, crytophyte biomass, C. 
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antarctica biomass, mammal biomass, fish biodiversity (using Q90), Asteroidea biomass, 
ice algae biomass, bryozoan biomass, WAP marine ecosystem Q90, and mean TL.  
Radar plots are used to display the multivariate data in two-dimensional illustrations with 
each spoke in the radar plot representing a particular bioindicator functional group or 
biodiversity statistic.  Each spoke length is proportional to the magnitude of the output for 
that spoke’s variable in the environmental forcing function scenario being tested, and is 
relative to the maximum magnitude of that variable across all environmental forcing 
function scenario outputs for that variable.   
4.4  Results 
The mean TL among the WAP EwE model scenarios is 2.20, ranging from 2.22 
to 2.19 (Table 4.5).  Generally, circulation scenarios indicate increases in the mean TL, 
ocean-acidification scenarios reveal decreases in mean TL, and the mean TL of co-
occurring scenarios are most similar to circulation scenarios.  Tropic-level ranges, 
detailed in Figure 4.2, illustrate that the majority of biomass is concentrated in the TL 
range 2.0-2.5, with major contributors being sub-adult krill, macro-zooplankton, 
Mollusca, Urochordata and salp, as well as the TL range 1.5-2.0 with major contributors 
being copepods, micro-zooplankton, Porifera and the thecosome, L. antarctica.   
 
 
 
Table 4.5  Changes in Trophic Level (TL) per forcing function scenario
Ref. Base+ 1.2K+ 1.5M OA15 OA28 OA50 OASub
Base+ 
/OA15
1.2K+ 
/OA28
1.5M 
/OA50
Mean 
TL
2.2012.201 2.203 2.205 2.215 2.201 2.200 2.193 2.202 2.205 2.214
 
 
101 
 
Changes to TL range per forcing function scenario are shown as biomass 
departures from the reference ecosystem’s biomass in Figures 4.3a-c, 4.4a-d, and 4.5a-
c.  TL changes are most pronounced in circulation-scenarios as compared to ocean-
acidification scenarios.  However, results of ocean-acidification scenarios demonstrate 
that two thecosome species have direct effects on higher and lower TL ranges, and 
reveal WAP trophic level ecosystem changes if they are removed entirely from 
trophodynamics (OASub).  TL increases of the following groups were observed in each 
circulation scenario: killer whales, crabeater seals, Antarctic fur seal, blue whales, 
humpback whales, emperor penguins, macaroni penguins, cephalopods, shallow 
demersals, Champsocephalus gunnari, cnidaria, arthropods, and C. pyramidata.  TL 
range increases in circulation scenarios were the result of trophic cascades related to 
the increasing loss of ice algae, which affected sub-adult krill, and therefore the majority 
of the WAP food web, directly or indirectly.  Ocean-acidification TL range increases 
occurred in adult krill only, and TL range changes in co-occurring scenarios were most 
similar to circulation scenarios, which therefore had a dominant effect on TL.  For 
pteropods the present EwE model captures the trophic relationships estimated by stable 
isotope data (δ15N) reviewed in Hunt et al. (2008), as S. australis is approximately one 
TL higher than C. pyramidata, S. australis also has a slightly higher TL then C. 
antarctica, by δ15N being 2‰ higher in S. australis than in C. antarctica (Hunt et al. 
2008).   
The Q90 Index for circulation scenarios revealed a decrease in WAP biodiversity, 
and relatively stable biodiversity in OA scenarios (except for OASub, which had a greatly 
reduced biodiversity due to the loss of pteropods).  Biodiversity predictions under co-
occurring scenarios are most closely aligned with circulation scenarios (Table 4.6).  The 
SI for circulation scenarios revealed an increase in ecosystem evenness, for OA 
scenarios revealed a slight decrease in ecosystem evenness, and co-occurring 
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scenarios are most closely aligned with circulation scenarios (Table 4.6).  In general the 
two biodiversity indices indicated that as the present model’s ecosystem evenness 
increases, functional group abundances and biodiversity as a whole decreases.  A 
decrease in biodiversity is considered a negative consequence.   
 
 
 
a)      b) 
  
 
 
Fig. 4.2  Predictions for the balanced reference ecosystem at 2050.  Bars illustrate 
biomass per trophic level (TL) range, and numbers near bars in Fig. 4.2a indicate the 
total functional groups within the TL range.  Fig. 4.2b indicates biomass. 
 
  
Biomass (t km-2 yr-1) Biomass (t km-2 yr-1) 
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a)  
     
b)  
    
 
c) 
     
 
Figure 4.3  Comparison of model outputs from circulation forcing functions to reference 
model output at year 2050 (Fig. 4.2). 
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a) 
 
b) 
 
 
c) 
 
 
Figure 4.4  Comparison of model outputs from ocean acidification forcing functions to 
reference model output at year 2050 (Fig. 4.2). 
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d) 
 
 
Figure 4.4  Continued. 
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a) 
    
 
b) 
 
 
c) 
 
 
Figure 4.5  Comparison of combined circulation and ocean acidification forcing function 
model output to reference model output at year 2050 (Fig. 4.2). 
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The continuation of environmental changes along the WAP reduced the relative 
biomass between 1.5% and 9.2% (Table 4.7), as westerly wind intensified, CDW 
upwelling increased, and sea ice extent decreased per circulation scenarios based on 
Dinniman et al. (2012).  Ocean-acidification scenarios reduced the relative biomass 
between 0.3% and 0.9%, and co-occurring scenarios reduced the relative biomass 
between 1.5% and 9.2%.  Inverse relationships were revealed between ice algae and 
cryptophytes biomasses, salp and total krill biomasses, as well as bryozoan and 
asteroidean biomasses (Figs. 4.6, 4.7 and 4.8, respectively).  WAP biomass changes 
with increasing intensity of circulation (Base+ to 1.5M), were most pronounced in the 
functional groups of ice algae, cryptophytes, brachiopods, salp, myctophids and krill, 
although many species of whales, seals, penguins, invertebrates and plankton had 
significant reductions in biomass. 
Biomass changes to sets of functional groups are illustrated in radar plots, which 
include: whales (Fig. 4.9a-k), seals (Fig. 4.10a-k), penguin (Fig. 4.11a-k), fish (Fig. 
4.12a-k), age-structured krill (Fig. 4.13a-k), invertebrates (Fig. 4.14a-k), and plankton 
(Fig. 4.15a-k).  Sperm whale and leopard seal biomass decreases were most evident in 
circulation scenarios, although all whales and seals declined in biomass with predicted 
increasing circulation intensity.  Increasing circulation intensity also reduced the biomass 
of all krill age classes, as well as all penguin functional groups, Notothenia gibberifrons, 
toothfish, deep demersals, shallow demersals, Ophiuroidea, Asteroidea, Holothuroidea, 
Mollusca, Porifera, some arthropods, macro-zooplankton and ice algae.  Exceptions to 
biomass decreases were observed only in circulation scenario 1.5M in the apex predator 
Table 4.6  Biodiversity per forcing function scenario using Q90 and Shannon (SI) Indices
Base+ 1.2K+ 1.5M
/OA15 /OA28 /OA50
Q90 7.311 6.631 6.926 6.327 7.311 7.311 7.311 6.454 6.631 6.926 6.327
SI 2.885 2.908 2.933 2.939 2.884 2.883 2.880 2.832 2.906 2.930 2.932
OA28 OA50Ref. Base+ 1.2K+ 1.5M OA15 OASub
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functional groups, killer whales and leopard seals, both of which responded positively.  
Circulation scenarios indicated positive effects on P. antarcticum, large Nototheniidae, 
myctophids, Urochordata, Hemichordata, Brachiopoda, Bryozoa, Cnidaria, arthropod 
crustacea, worms, Echinoidea, Crinoidea, other phytoplankton, S. australis, C. 
pyramidata, L. antarctica, micro-zooplankton, cryptophytes, copepods and diatoms.  
Mixed influences were observed for cephalopods, salp, and C. antarctica. 
In ocean-acidification scenarios OA15 to OA50, killer whale, sperm whale and 
leopard seal biomasses were continually reduced, with smaller influences on krill, Ross 
seal, and Weddell seal biomasses.  OA15 to OA50 scenarios created small biomass 
declines in the Adélie penguins, emperor penguins and toothfish, with more negative 
influences to the biomass of P. antarcticum, large Nototheniidae, Crinoidea, Asteroidea, 
Holothuroidea, cephalopods, salp and ice algae (due to increased predation by 
copepods).  Small positive influences were detected in other pelagics, Notothenia 
gibberifrons, small Nototheniidae, shallow demersals, large deep demersals, arthropods, 
cryptophytes, diatoms, copepods and other phytoplankton.  The loss of WAP pteropods 
from the WAP marine ecosystem (OASub) increased the magnitude of biomass loss in 
killer whales, sperm whales and leopard seals, as well as began to negatively influence 
all other whale functional groups, Ross seals, Weddell Seals, emperor penguins, Gentoo 
penguins, macaroni penguins, chinstrap penguins, and flying birds relative to the 
reference ecosystem.  More distinct negative biomass influences were detected in the 
functional groups of toothfish, juvenile krill, Asteroidea, and cephalopods, with positive 
influences on small and large deep demersals, shallow demersals, small Nototheniidae, 
and Champsocephalus gunnari.  While ocean-acidification scenarios, when applied to 
thecosomes, negatively affected the productivity of their monophagous gymnosome  
  
 
 
109 
 
Table 4.7  Biomass % change in functional groups in 2050       
                      Base+/  1.2K+/ 1.5M/ 
Functional 
Group 
Base+ 1.2K+ 1.5M OA15 OA28  OA50  OASub OA15  OA28  OA50 
Killer Whales -0.2 -0.3 -0.1 -0.1 -0.3 -0.5 -0.6 -0.3 -0.6 -0.6 
Leopard Seal -0.3 0.1 6.5 -0.4 -0.8 -1.4 -4.5 -0.8 -0.8 4.5 
Ross Seal -3.6 -8.4 -20.1 -0.2 -0.5 -0.9 -4.3 -3.9 -8.8 -20.7 
Weddell Seal -3.3 -7.4 -17.3 -0.3 -0.5 -1.0 -4.9 -3.5 -7.9 -18.2 
Crabeater Seal -5.5 -12.6 -30.8 -0.1 -0.1 -0.2 -0.1 -5.5 -12.7 -30.8 
Antarctic Fur 
Seals -5.3 -12.2 -29.9 -0.1 -0.1 -0.3 -0.5 -5.4 -12.3 -29.9 
Southern Elephant 
Seals -3.9 -9.1 -22.4 -0.1 -0.2 -0.3 -0.6 -4.0 -9.2 -22.5 
Sperm whales -0.5 -1.0 -1.7 -0.1 -0.1 -0.3 -0.5 -0.5 -1.1 -1.9 
Blue Whales -2.1 -4.8 -11.4 -0.1 -0.2 -0.4 -1.1 -2.2 -5.0 -11.8 
Fin Whales -1.8 -4.0 -9.4 -0.1 -0.2 -0.4 -1.2 -1.9 -4.2 -9.8 
Minke whales -3.6 -8.0 -17.9 -0.2 -0.5 -0.9 -3.4 -3.8 -8.5 -18.7 
Humpback whales -3.2 -7.2 -17.0 -0.2 -0.3 -0.6 -1.8 -3.3 -7.5 -17.6 
Emperor penguins -4.3 -9.9 -24.4 -0.2 -0.4 -0.8 -4.0 -4.5 -10.2 -24.9 
Gentoo Penguins -3.9 -9.0 -22.6 -0.1 -0.2 -0.3 -0.8 -3.9 -9.1 -22.7 
Chinstrap 
Penguins -3.9 -9.1 -22.6 -0.1 -0.2 -0.4 -1.1 -4.0 -9.3 -22.8 
Macaroni Penguin -5.5 -12.7 -31.2 -0.1 -0.2 -0.4 -1.3 -5.6 -12.9 -31.3 
Adélie Penguins -5.1 -11.9 -30.0 0.0 0.0 -0.1 0.9 -5.1 -11.9 -29.9 
Flying birds -1.7 -3.9 -8.4 -0.1 -0.3 -0.5 -2.8 -1.9 -4.1 -8.8 
Cephalopods -0.8 -1.6 -1.2 -0.2 -0.4 -0.7 -3.1 -1.0 -1.9 -1.8 
Other Icefish -3.0 -7.0 -17.1 0.0 0.1 0.1 2.6 -3.0 -6.9 -17.0 
Toothfish -0.6 -1.3 -2.3 -0.1 -0.2 -0.4 -1.6 -0.7 -1.6 -2.8 
Large 
Nototheniidae 5.3 12.9 37.8 -2.6 -5.1 -9.8 -58.1 2.7 7.9 28.0 
Small 
Nototheniidae 0.8 1.8 3.4 0.8 1.6 3.1 21.1 1.6 3.3 5.9 
Shallow 
Demersals -0.7 -1.6 -4.0 0.2 0.3 0.7 4.9 -0.5 -1.3 -3.5 
Deep demersals 
Large -0.9 -2.1 -5.2 0.2 0.4 0.7 5.8 -0.7 -1.8 -4.7 
Deep demersals 
Small 1.0 2.5 7.4 0.5 0.9 1.8 12.5 1.5 3.4 8.9 
Myctophids 8.7 21.0 59.2 1.3 2.5 5.0 35.3 10.0 23.5 64.1 
Other Pelagics -0.8 -1.7 -2.8 0.1 0.3 0.6 -0.8 -0.7 -1.5 -2.5 
Champsocephalus 
gunnari -7.6 -17.8 -45.0 0.2 0.3 0.7 7.0 -7.4 -17.4 -44.3 
Pleuragramma 
antarcticum 4.4 11.2 35.6 -1.3 -2.6 -5.1 -34.4 3.1 8.6 30.6 
Notothenia 
gibberifrons -1.5 -3.6 -10.1 0.6 1.1 2.2 14.2 -0.9 -2.5 -8.2 
Mollusca -1.3 -3.2 -9.8 0.2 0.4 0.7 6.2 -1.1 -2.8 -9.2 
Salps 17.7 42.9 120.3 -0.3 -0.7 -1.3 -10.3 17.4 42.3 119.0 
Urochordata 1.8 4.1 9.4 0.1 0.2 0.3 2.2 1.9 4.3 9.7 
Porifera -0.9 -2.2 -6.9 0.0 0.1 0.2 1.4 -0.9 -2.1 -6.7 
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Table 4.7  
Continued  
                          Base+/  1.2K+/ 1.5M/ 
Functional 
Group 
Base+ 1.2K+ 1.5M OA15 OA28  OA50  OASub OA15  OA28  OA50 
Hemichordata 1.8 4.3 10.5 0.1 0.2 0.3 2.5 1.9 4.4 10.7 
Brachiopoda 8.2 19.6 51.6 0.2 0.5 1.0 11.1 8.5 20.0 52.4 
Bryozoa 2.4 5.7 15.0 0.0 0.0 0.0 2.0 2.4 5.7 15.1 
Cnidaria 3.7 9.0 26.9 0.0 0.1 0.2 -0.4 3.7 9.1 27.2 
Arthropod 
Crustacea 0.5 1.3 4.8 0.0 0.0 -0.1 -0.8 0.5 1.3 4.6 
Arthropod Other -0.1 -0.6 -4.3 0.6 1.3 2.5 17.0 0.5 0.6 -2.3 
Worms 0.8 1.9 5.5 0.0 0.0 0.0 0.3 0.8 1.9 5.5 
Echinoidea 0.5 1.2 3.2 0.2 0.3 0.6 2.4 0.7 1.5 3.8 
Crinoidea 0.1 0.2 0.6 -0.1 -0.2 -0.4 -0.8 0.0 0.0 0.3 
Ophiuroidea 0.0 0.0 -0.6 0.1 0.3 0.5 3.6 0.1 0.2 -0.2 
Asteroidea -0.2 -0.4 -0.9 -0.1 -0.2 -0.4 -1.1 -0.3 -0.6 -1.2 
Holothuroidea -1.0 -2.5 -7.6 -0.1 -0.2 -0.4 -0.9 -1.1 -2.7 -7.9 
Krill Adult -4.0 -9.6 -26.7 0.0 0.1 0.1 2.9 -4.0 -9.6 -26.5 
Krill Sub-adult -6.3 -14.7 -37.1 -0.1 -0.2 -0.4 -1.4 -6.4 -14.9 -37.2 
Krill Juvenile -15.7 -35.9 -83.9 -0.4 -0.7 -1.4 -7.7 -16.0 -36.4 -84.2 
Krill Larvae -15.7 -36.0 -84.3 -0.3 -0.5 -1.0 -4.9 -16.0 -36.3 -84.6 
S. australis 2.3 5.9 19.6 -2.2 -4.2 -8.2 -100.0 0.2 1.8 11.0 
C. antarctica 3.1 13.7 81.3 -10.6 -20.9 -41.1 -100.0 -7.4 -6.9 41.8 
Macro-
Zooplankton -1.2 -2.6 -4.6 0.1 0.2 0.5 1.7 -1.0 -2.4 -4.1 
C. pyramidata 8.9 20.8 56.1 -2.1 -4.1 -7.9 -100.0 6.8 16.6 46.5 
L. antarctica 9.5 22.3 57.3 -4.4 -8.6 -16.9 -100.0 5.2 14.2 43.2 
Micro-
Zooplankton 2.7 6.7 20.1 0.3 0.5 1.0 6.7 2.9 7.1 20.7 
Cryptophytes 10.7 25.7 71.2 0.0 0.0 0.0 -0.5 10.6 25.7 71.1 
Copepods 4.8 11.4 29.3 0.4 0.8 1.5 9.5 5.2 12.1 30.4 
Diatoms 3.5 7.9 17.8 0.1 0.3 0.6 4.5 3.6 8.1 18.2 
Ice algae -14.3 -34.1 -90.9 -0.2 -0.4 -0.9 -4.8 -14.5 -34.5 -91.2 
Other 
Phytoplankton 6.0 14.0 34.0 0.2 0.3 0.6 4.7 6.2 14.3 34.4 
Detritus -0.3 -0.7 -2.6 0.1 0.1 0.2 1.7 -0.2 -0.6 -2.4 
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Figure 4.6  Inverse relationship between ice algae biomass and crytophyte biomasses 
per environmental forcing function scenario (inset boxes highlight scenario series). 
 
 
 
 
 
Figure 4.7  Inverse relationship between salp biomass and total biomasses of krill per 
environmental forcing function scenario (inset boxes highlight scenario series). 
 
 
 
 
Figure 4.8  Inverse relationships between bryozoan and asteroidean biomasses per 
environmental forcing function scenario (inset boxes highlight scenario series). 
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predators, C. antarctica’s biomass was disproportionately affected compared to S. 
australis, as percent reductions in its biomass were roughly five times greater per 
scenario. 
Co-occurring scenarios depicting changes created the greatest loss of whale and 
seal biomass as compared to individual circulation and ocean acidification scenarios, 
except for a positive influence to leopard seals (Table 4.7, Fig. 4.10i-k).  Co-occurring 
changes were most detrimental to age-structured krill biomasses.  Negative influences 
generally followed similar biomass reductions observed in the circulation scenario 
results; however Asteroidea, Mollusca, Porifera, pteropods and ice algae biomass 
suffered greater biomass reductions than in circulation scenarios. 
Relationships among potential bioindicator functional groups and biodiversity 
statistics were plotted as radar plots in Figure 4.16a-k.  These bioindicator radar plots 
show that as the severity of the circulation and co-occurring environmental forcing 
functions scenarios increases, positive influences are observed in salp biomass, 
cryptophyte biomass, and bryozoan biomass, with an increase in mean TL of the 
ecosystem.  Total krill biomass, ice-algae biomass, mammal biomass, Asteroidea 
biomass and Q90 concurrently decreases with increasing severity of the co-occurring 
environmental forcing functions (Figure 4.16a-k).  Bioindicator radar plots further 
illustrate the inverse relationships revealed in Figures 4.6, 4.7 4.8, while illustrating the 
species most sensitive to each of the environmental forcing factors.   
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Figure 4.9  Whale radar plots.  Each spoke length is proportional to the magnitude of 
the output for that spoke’s variable in the environmental forcing function scenario being 
tested, and is relative to the maximum magnitude of that variable across all 
environmental forcing function scenario outputs for that variable. 
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Figure 4.10  Seal radar plots.  Each spoke length is proportional to the magnitude of 
the output for that spoke’s variable in the environmental forcing function scenario being 
tested, and is relative to the maximum magnitude of that variable across all 
environmental forcing function scenario outputs for that variable. 
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Figure 4.11  Penguin radar plots.  Each spoke length is proportional to the magnitude 
of the output for that spoke’s variable in the environmental forcing function scenario 
being tested, and is relative to the maximum magnitude of that variable across all 
environmental forcing function scenario outputs for that variable. 
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Figure 4.12  Fish radar plots.  Each spoke length is proportional to the magnitude of 
the output for that spoke’s variable in the environmental forcing function scenario being 
tested, and is relative to the maximum magnitude of that variable across all 
environmental forcing function scenario outputs for that variable. 
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Figure 4.13  Krill radar plots.  Each spoke length is proportional to the magnitude of 
the output for that spoke’s variable in the environmental forcing function scenario being 
tested, and is relative to the maximum magnitude of that variable across all 
environmental forcing function scenario outputs for that variable. 
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Figure 4.14  Invertebrate radar plots.  Each spoke length is proportional to the 
magnitude of the output for that spoke’s variable in the environmental forcing function 
scenario being tested, and is relative to the maximum magnitude of that variable 
across all environmental forcing function scenario outputs for that variable. 
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Figure 4.15  Plankton radar plots.  Each spoke length is proportional to the magnitude 
of the output for that spoke’s variable in the environmental forcing function scenario 
being tested, and is relative to the maximum magnitude of that variable across all 
environmental forcing function scenario outputs for that variable. 
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Figure 4.16  Potential bioindicator radar plots.  Each spoke length is proportional to the 
magnitude of the output for that spoke’s variable in the environmental forcing function 
scenario being tested, and is relative to the maximum magnitude of that variable 
across all environmental forcing function scenario outputs for that variable. 
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4.5  Discussion 
Analysis of the changes in TL, Q90, SI and biomass when compared to the 
balanced reference model, revealed significant influences of circulation and ocean 
acidification, indicating that scenarios of co-occurring environmental change will often be 
worse than expected based on the individual parameter scenarios.  The present EwE 
model results provide evidence that co-occurring environmental changes work 
synergistically through trophic effects within the WAP marine ecosystem.  These 
changes affect key ecosystem components such as krill and ice algae, which influence 
trophic energetic exchanges from fish to pinnipeds, and plankton to whales.   
The greatest potential for negative synergistic effects are predicted for whales, 
seals, penguins, flying birds, toothfish, Porifera, krill and ice algae.  Positive synergistic 
effects are predicted for fish and invertebrate food webs, with small Nototheniidae, large 
deep demersals, myctophids, Urochordata, Hemichordata, Brachiopoda, Bryozoa, 
Cnidaria, Echinoidea, micro-zooplankton, copepods, diatoms and other phytoplankton 
benefiting from environmental changes.  Synergistic effects on other functional groups 
were more variable.  For instance, leopard seals were negatively influenced by 
scenarios Base+/OA15 and 1.2K+/OA28, but were positively influenced by 1.5M/OA50.  
The functional groups “arthropod other” and Ophiuroidea were positively influenced by 
Base+/OA15 and 1.2K+/OA28, but were negatively influenced by 1.5M/OA50.  The 
functional groups predicted to experience completely negative synergistic effects were 
directly linked by diet to the vitality of adult and sub-adult krill, and/or to cephalopods, as 
cephalopod diets also consisted of significant proportions of these krill age classes.  
Changes in ice algae are also indicative of the loss of the cryosphere, an important habit 
for basal species such as young krill as well as P. antarcticum (Loeb et al. 1997, La 
Mesa & Eastman 2012).  Alternatively, positive synergistic effects are linked to functional 
groups that are generally less reliant on krill, with more diverse diets consisting of micro-
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zooplankton and copepods, which rely heavily upon diatoms and other phytoplankton.  
While the present model’s results suggest overall declines in biodiversity with 
environmental changes, a few functional groups emerge as winners, including salp, 
cryptophytes and bryozoans.  These particular winners interestingly reflect observed 
ecological and distributional shifts along the WAP, which includes seasonal blooms 
dominated by cryptophytes, a shift from krill to salp dominance, and with increased CDW 
upwelling along the Peninsula, increased biomass of bryozoans at depth (Dierssen et al. 
2002, Moline et al. 2004, Barnes et al. 2006). 
Pteropod responses to the co-occurring scenarios reveals a complex balance 
between environmental stressors and their physiological ability to overcome those 
stressors given changes in the predicted primary productivity.  Theoretically this could be 
interpreted to mean that pteropods might fully compensate for increased energetic 
demands due to ocean acidification stresses to productivity if they have access to 
enough food.  In the most likely scenario to occur along the WAP over the next 40 years 
(1.2K+/OA28), C. antarctica is most affected of the pteropods.  As with ecological shifts 
of other high Antarctic organisms along the WAP (e.g. krill and ice algae), the 
metabolically cold-adapted C. antarctica (Rosenthal et al. 2009, Seibel et al. 2007) will 
shift southward.  Changes in distribution of high Antarctic species such as C. antarctica 
are often driven by the need to occupy a thermally optimal range (Pörtner & Farrell 
2008), as temperatures outside of that optimal range affect the species growth, 
reproduction, swimming speeds, activity levels, feeding rates and resource utilizations 
(Pörtner 2005, 2006, Seibel & Drazen 2007, Pörtner et al. 2007, Pörtner 2008, Pörtner & 
Farrell 2008).  At some thermal limit C. antarctica (and other marine organisms) will no 
longer be able to compensate for the increased energetic demands of ocean 
acidification, even with unrestricted availability to food.  Thus, the scenarios of changes 
in both ocean acidification and ocean chemistry may be most accurate in predicting the 
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biomass decline of C. antarctica, a potential bioindicator of environmental changes along 
the WAP.  As noted in Martinson (2012), the WAP is changing from a continental polar 
environment to a sub-polar marine one, with corresponding changes in and energetic 
gradients. 
Comparing the percent allocation of biomass among trophic levels in the present 
study’s reference model output at year 2050 to the percent allocation of biomass among 
trophic levels projected by the Erfan and Pitcher (2005), Cornejo-Donoso and Antezana 
(2008), and the Hoover (2009) WAP EwE model outputs at year 2050, we found the 
most similarities in Hoover (2009), observing only significant differences in the TL ranges 
2.5-3.0 and 2.0-2.5 (Fig. 4.17).  Upon review of the functional groups contained within 
these TL ranges, the Hoover (2009) model had four high biomass groups (Arthropod 
Crustacea, Worms and Ophiuroidea) in TL range 2.0-2.5, whereas those four functional 
groups are in the present study’s TL range 2.5-3.0.  The change in the TL range for 
these four functional groups resulted in the majority of the differences in the percent 
allocation of biomass among trophic levels between the two models.  The other two 
WAP EwE model outputs ranged in similarities and differences of percent allocation of 
biomass among TL ranges, which was likely the result of consolidated lower trophic level 
organisms in broader functional groups called, “zooplankton,” and “phytoplankton.”  It is 
thought that these consolidated lower trophic functional groups would conceal important 
trophodynamic relationships, specifically in regards to predicted environmental changes 
along the WAP and resulting changes in primary productivity.   
The addition of pteropods as individual functional groups in trophodynamic 
considerations demonstrated a reordering of trophic levels for many functional groups, 
as calculated by Ecopath and based on Odum and Heald (1975), when compared to the 
other WAP EwE models.  For instance, when pteropods were added as individual 
functional groups in the present study’s EwE model their small but significant influences 
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to lower and higher trophic level groups, such as ice algae, copepods, sub-adult krill, 
salp, fish groups (in particular P. antarcticum and Large Nototheniidae), penguins, and 
whales could clearly be discerned.  Therefore, the different trophic level ranges, when 
compared to other EwE models (Fig. 4.17) improved the clarity of trophodynamics in the 
WAP marine food web.  Additionally, other WAP EwE models have calculated the total 
macrozooplankton biomass on the work of Calbet et al. (2005), which reported that 
molluscs (i.e. pteropods) contributed a fraction of a percentage point to the total 
zooplankton biomass.  The estimates of L. antarctica’s biomass alone would equal 20% 
or more of the entire estimated macrozooplankton biomass in some EwE models (e.g. 
Erfan & Pitcher 2005).  Therefore, the addition of pteropods as individual functional 
groups in the current EwE model may represent a more inclusive depiction of WAP 
trophodynamics. 
Upon investigation of the differences in mean TL (Table 4.8) and biodiversity 
using Q90 and SI (Table 4.9) among the four WAP EwE models compared in Figure 
4.17, we found a similar mean TL for all WAP EwE models (~2.9) with the exception of 
Cornejo-Donoso and Antezana (2008), which had a higher mean TL (~3.3) and 
decreased ecosystem biodiversity.  The Cornejo-Donoso and Antezana (2008) model 
had no organisms in the TL ranges 1.5 to 2.0 and 2.5 to 3.0, which raised the model’s 
mean TL and increased ecosystem evenness.  Between the present model and the 
other two WAP EwE models, biodiversity increased with increasing numbers of 
functional groups, particularly when adding the four species of pteropods as individual 
functional groups.  Therefore, the difference between Q90 and SI is due to biomass 
increases.  Adding four species of pteropods in the present WAP EwE model resulted in 
increased ecosystem biodiversity without altering ecosystem evenness when compared 
to Erfan and Pitcher (2005) and Hoover (2009).  Overall, including pteropods as 
individual functional groups improved the modelling of WAP trophodynamics, allowing a 
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more comprehensive prediction of environmental change effect’s to lower trophic 
organisms and thus the entire WAP marine ecosystem. 
 
 
 
Figure 4.17  Model output comparisons between Erfan and Pitcher (2005), Cornejo-
Donoso and Antezana (2008), Hoover (2009), and the present study at year 2050 when 
expressed in percent allocation of total biomass per trophic level range. 
 
 
 
 
 
 
 
 
 
Table 4.8  Comparisons of mean trophic level (TL) among western Antarctic Peninsula Ecopath with Ecosim
models at year 2050.
Erfan and Pitcher (2005) Cornejo-Donoso and Antezana (2008) Hoover (2009) The Present Study
Mean TL 2.879 3.284 2.897 2.943
Table 4.9  Comparisons of biodiversity using Q90 and Shannon (SI) indices  among western Antarctic Peninsula 
Ecopath with Ecosim models at year 2050.
Erfan and Pitcher (2005) Cornejo-Donoso and Antezana (2008) Hoover (2009) The Present Study
Q90 5.281 3.145 6.670 7.311
SI 2.842 1.518 2.882 2.885
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In addition to the effects on pteropods, ocean acidification will likely affect other 
Antarctic species.  When CO2 crosses biological membranes and reacts with intra- and 
extracellular fluids, internal acidosis can result, affecting physiological processes (Seibel 
& Walsh 2001, Seibel & Fabry 2003), which can be energetically compensated for to 
some degree (parallel to thermal stress).  However, acidosis can affect growth, 
reproduction, swimming speeds, activity level, feeding rates and resource utilization 
(Pörtner 2005, 2006, Seibel & Drazen 2007, Pörtner et al. 2007, Pörtner  2008, Pörtner 
& Farrell 2008).  Because ocean acidification will affect more than just pteropods along 
the WAP, the current EwE model likely underestimates consequences to 
trophodynamics. 
4.6  Conclusion 
The results from the present EwE model provide powerful energetically relevant 
insights into the trophodynamics of the WAP marine ecosystem over the next 40 years, 
particularly with predicted changes in phytoplankton production and the resulting 
influence to krill and fish populations.  Higher resolution models, which capture in fine-
scale details of time (e.g. Yoshie et al. 2007) and biogeochemistry (e.g. Serebrennikova 
et al. 2008), better predict plankton dynamics when considering physical oceanography 
and various influences to the marine ecosystem (e.g. water mass advection, light and/or 
nutrients).  However, pteropods, although small in their biomass contributions to the 
WAP marine ecosystem, have important predator-prey relationships throughout the food 
web and demonstrate that they are useful bioindicators of the changing WAP 
environment.  Moreover, with changes in distributions of many taxa, including 
gymnosomes, as ocean circulation changes, and if ocean acidification deleteriously 
influences more than thecosome productivity, the present insights might just be the 
proverbial tip of the iceberg and greater Antarctic marine ecosystem changes may 
further alter ecological trophodynamics. 
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5.  Conclusions 
  
This body of work represents an effort to determine the ecological significance 
and energetic contributions associated with pteropods along the WAP, using 
combinations of field observations and collections, physiological assays, and modelling 
of trophodynamic interactions.  These methods provided both an overview of 
environmental factors influencing pteropod distributions as well as a deeper 
understanding of the functional energetic roles pteropods play in a changing polar 
marine ecosystem.  Special effort was made to combine multiple disciplines to provide 
first-order insights into the role the environment plays in influencing WAP pteropods and 
the ecosystem as a whole. 
5.1  Research Overview 
Chapter two is the first report to detail the distributions of S. australis and C. 
antarctica along the WAP and south of the Gerlache Strait.  Correlations of the 
distributions of S. australis with UCDW indicate that this sub-Antarctic gymnosome is 
being advected onto the WAP shelf within the water mass warming the marine 
ecosystem at depth.  With warming, ecological shifts of krill, salp, and bryozoans have 
been observed, which are likely the result of the species’ physiological responses to 
shifts in available food items, thereby changing their habitable ranges.  The 
environmental drivers increasing the intrusions of UCDW are global phenomena 
connected to warming air temperatures and persistence of the seasonal ozone hole 
above Antarctica.  This hole allows more solar energy to reach the Earth’s surface, 
intensifying westerly winds and increasing the advection of UCDW from the ACC into 
region where S. australis was most commonly captured in this study.  Comparing this 
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study’s capture records to those of a 2001/2002 GLOBEC study suggests that the S. 
australis is becoming more abundant in regions most influenced by UCDW, while C. 
antarctica is becoming more abundant at higher latitudes near Marguerite Bay. 
Chapter three reports assays of indicators of physiology in the gymnosomes 
reported in chapter two.  This physiology study attempted to answer whether the 
observed changes in distributions were the result of a dissimilar physiology between the 
two species.  Comparisons were made with the present study’s data on C. antarctica to 
other physiological reports on this gymnosome from neighboring Antarctic regions.  By 
all accounts, C. antarctica physically thrives in colder waters at higher latitudes.  Similar 
comparisons for S. australis could not be made as this dissertation provides the first 
detailed account of the gymnosome’s physiology.  Observations indicated that S. 
australis’ oxygen consumption rate is higher than C. antarctica’s oxygen consumption 
rate at 0.5°C.  Differences in proximate body composition, O:N values and ammonia 
excretion rates indicated dissimilarity in the physiological processes occurring within the 
two gymnosome species.  When considering S. australis’ indicators of physiology 
collectively, it would appear that its decline in abundance at higher latitudes is likely 
connected to a decline in its physical condition, as indicated by prolonged starvation.  In 
contrast, C. antarctica was prepared for Austral overwintering, and appeared to be well 
suited to the marine habitat in Marguerite Bay. 
Chapter 4 focused on the trophodynamic contributions made by pteropods to the 
WAP, and explored the larger questions pertaining to the fate of the rapidly warming 
WAP ecosystem with the use of an EwE model.  Utilizing a study that related westerly 
wind intensification, increased UCDW upwelling and a decreased sea-ice extent to 
changes in primary production, three WAP water circulation change scenarios were 
examined using the model.  The scenarios ranged from more conservative (Base+), to 
more extreme (1.5M), as well as the most likely scenario (1.2K+), describing changes to 
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the lowest ecological levels by the year 2100.  Additionally, ocean acidification scenarios 
were utilized to affect only thecosome productivity in the ecosystem model.  Again the 
scenarios ranged from more conservative (OA15), to more extreme (OASub), and 
included the most likely scenario (OA28) describing a 28% reduction in thecosome 
productivity by the year 2100.  For more realistic insights into alterations to the 
trophodynamics along the WAP, circulation and ocean acidification scenarios were 
combined and indicated that co-occurring scenarios of environmental change will often 
be worse than predicted based on individual environmental scenarios.  The most likely 
co-occurring scenario not only predicted decline in ecosystem health, but also in the 
abundance of the true Antarctica gymnosome, C. antarctica. 
The subjects covered by this dissertation reveal that pteropods are an important 
and dynamic component within the WAP marine ecosystem, and mesoscale climate 
changes are likely to be indicated in their ecological, physiological and trophodynamic 
responses.  In a larger context, the research presented in this dissertation has played a 
role in expanding the knowledge of pteropods in Antarctica, as well as their energetic 
role within the WAP ecosystem.  While pteropods occupy are a small part of the polar 
marine ecosystem, they may be bioindicators of environmental changes along the WAP.  
In particular, gymnosomes may be bioindicators of changes to the WAP circulation and 
water mass warming, and thecosomes may be bioindicators of ocean acidification.
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